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ABSTRACT
Bench-Scale Modeling to Evaluate the Mechanical Effects o f Subsidence on a
MonofillrType Landfill Cover
by
Yuboon Tan
Barbara A. Luke, Examination Committee Chair 
Associate Professor o f Civil Engineering 
University o f Nevada, Las Vegas
A bench-scale model, using a test tank with internal dimensions of 61.6 cm high 
by 10.8 cm thick by 87.8 cm wide, was developed to simulate the effects o f subsidence 
on compacted monofill-type landfill covers for the low-level radioactive waste landfills 
o f the Radioactive Waste Management Sites o f the Nevada Test Site. O f particular 
interest is the collapse mechanism o f the cover with respect to the soil density and 
compaction water content. To induce subsidence in the compacted cover, a cavity was 
formed beneath a portion o f it. Surcharge and lateral forces were applied to accelerate 
subsidence. The targeted ranges o f density and moisture content were fiom the sub­
ambient condition to 90 % o f the maximum according to the modified Proctor test, and 
fit)m 3 to 9 % respectively. Two distinct collapse modes of the compacted covers were 
observed. Collapse in covers compacted at higher water content resulted in broad 
depression foimation, with gradual slumping and multiple sub-parallel fiactures forming 
through the compacted cover, resulting in fewer distinct pathways for vapor and saturated
iii
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liquid migration, but in creating a broad collection basin for surface flows. Collapse in 
covers compacted at lower water content was in the form o f progressive upward caving 
by consistent raveling, with distinct, continuous preferential pathways for saturated fluid 
flow and vapor migration formed. O f the two, the preferable collapse mode for this long- 
lived waste is broad depression formation, which would require a compaction moisture 
content greater than 5 %, and the design density for compaction should be at least 15 
kN/m^. This collapse mode is preferred because in the likely event that collapse occurs 
after the institutional control period has lapsed, the likelihood for open channels to exist 
from waste to surface is reduced, and cover integrity should be restored after a period of 
self-healing. There is no clear correlation between collapse mode and compaction dry 
density.
IV
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CHAPTER 1 
INTRODUCTION
Subsidence of the ground surface is a phenomenon that can be caused by the 
withdrawal o f large volumes o f groundwater from unconsolidated sediments, the solution 
o f soluble rocks, the decomposition o f buried waste, consolidation or densification o f low 
density soils, or piping. For instance, the decline in groundwater level and downward 
infiltration o f excess water fiom irrigation are considered to be the main factors in the 
development o f land subsidence in Kuwait (Shaqour, 1994).
The mechanical effects of subsidence on covers o f landfills at the Nevada Test Site 
(NTS) containing low-level radioactive waste are expected to take the form o f bridging 
across gaps or stretching to conform to the distorted surface o f the waste, depending on 
cover design (Arnold et al», 1997). The final cover design for most o f these units has not 
yet been determined. The potential exists for human exposure to radioactive waste. Such 
exposure could pose a threat to human health if  the cover o f the landfill were to be 
breached.
Extensive research on landfill technology has been carried out throughout the western 
part o f the United States where arid clim ate predominates, mainly for landfills contammg 
municipal solid waste. Most o f the research has emphasized minimizing the infiltration o f 
fluid, or the best possible ways to prevent the landfill cover fiom cracking over time
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(Arnold et al., 1997). Once the waste has decomposed, the cover o f the landfill will 
subside, at which point deformation and cracking o f the cover could create preferential 
pathways for the downward migration o f water to the waste, which could then permit 
contam inant migration to the groundwater table. It is also possible that a fracture through 
the cover could directly contribute to the upward migration of dangerous gases to the 
environment
A great deal o f subsidence in the landfill covers o f the Radioactive Waste 
Management Sites (RWMS) at the NTS is acpected due to void spaces that exist between 
the different sizes o f waste containers, the decomposition o f the waste containers, and the 
poor internal compaction o f contents (EUetson and Johnejack, 1995; Obi et al», 1996). 
One major issue that arises is the performance o f the landfill covers after the institutional 
^  control period has expfred, especially for such a long-lived substance as radioactive 
waste. Radioactive wastes could potentially pose a hazard to humans or the environment 
for many thousands o f years, while the period o f institutional control can be expected to 
expire in a few hundred years or less (Arnold et al., 1997).
The objective o f the research described in this thesis is to investigate the effects o f 
subsidence on monofill native-soil landfill covers, particularly as applied to the low-level 
radioactive waste landfills o f the Area 5 and Area 3 RWMSs. O f particular interest is the 
influence o f compaction moisture content and dry unit weight o f the soil cover on its 
response to the formation o f a cavity in the waste, especially regarding the creation of 
preferential pathways for downward migration o f water and upward migration o f gases.
The research project addresses landfill cover performance through physical bench- 
scale modeling and analytical hydrological modeling. This thesis frxmses on aspects o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the bench-scale modeling that address the mechanical effects o f subsidence on landfill 
cover performance.
Background
The technology for landfill covers used in much o f the eastern part o f the United 
States involves the use of compacted clay soQ or premanufactured geosynthethic clay 
liners, which have a  very low permeability under saturated flow conditions. These cover 
materials tend to desiccate or crack under unsaturated flow conditions (Benson and 
BChire, 1995). Therefore, they are not particularly effective in an arid climate, where the 
covers are normally unsaturated. Much of the western part o f the United States has an 
arid or semi-arid climate
One advantage o f an arid region for long-term disposal o f waste is that rainwater can 
be returned to the atmosphere through évapotranspiration before it reaches the 
grotmdwater table. Most o f the U.S. Department o f Energy (DOE)’s low-level radioactive 
waste landfills have been sited in arid and semi-arid regions (Arnold et al., 1997).
Location and description o f Area 5 and Area 3 RWMSs
The following description o f the location o f the Area 5 and Area 3 RWMS at NTS is 
taken fiom the report, “Consequences o f Subsidence for the Area 3 and Area 5 
Radioactive Waste Management Sites, Nevada Test She” (Arnold et al., 1997). There are 
two principal defense waste management shes at the Nevada Test Site that accept low- 
level radioactive waste. These are the Area 5 RWMS and the Area 3 RWMS. Figure 1.1 
illustrates the location o f the Area 3 and Area 5 RWMSs. The Area 5 RWMS, established
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in 1978, is located in northern Frenchman Flat, a closed basin along the eastern boundary 
o f the Nevada Test Site. The developed portion o f the Area S RWMS site occupies 37 
hectares (92 acres) in the southeast comer o f the 296-hectare (732-acre) designated area. 
This developed portion is currently used to dispose defense low-level radioactive waste in 
17 landfill cells (pits and trenches) and in 13 greater-confinement disposal boreholes. The 
Area 5 RWMS could be «cpanded to include an additional 10 landfill cells for mixed 
waste disposal. The climate here and elsewhere in Southern Nevada is extremely arid, 
with wide ranges in seasonal temperature and rainfall. Rainfall in Frenchman Flat 
aver%es 11.4 cm annually (Arnold et al., 1997).
The Area 3 RWMS, established in 1974, is located in Yucca Flat, a closed basin 
within the northeast quadrant o f the Nevada Test Site. The Area 3 RWMS covers an area 
o f approximately 20 hectares (SO acres), with two disposal cells located within the focility 
boundaries. The disposal units o f the RWMS are in subsidence craters resulting from 
underground nuclear tests. Two pairs o f subsidence craters have been joined to create 
disposal units: U3ax/bl, which is full and has been covered, and U3ah/at, which is still 
being filled. About 99 % o f the waste by voliune in the U3ax/bl unit consists o f 
contaminated soil, scrap metal, equipment, and other debris, and the remaining 1 percent 
consists of small metal boxes, storage tanks and Sealand-type cargo containers (Obi et al., 
1996).
Recent studies conducted to evaluate cover designs for the RWMS landfills include 
the following:
•  The U.S. Department o f Energy, Nevada Operations Office (DOE/NV) organized a
working group consisting o f nine engineers and scientists to consider the effects and
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consequences o f subsidence at the Area 3 and Area 5 RWMSs. The group 
recommended that a cover design consisting o f a thick monofill o f native alluvium be 
developed (Arnold et al, 1997).
•  Personnel fiom Bechtel Nevada studied ways to mitigate or accommodate subsidence 
for the RWMS (Barker, 1997). The group concluded that using a cover o f thick 
alluvium would be appropriate; and also recommended modification o f waste 
placement procedures to reduce subsidence of waste placed in the future.
•  The m aximum potential subsidence predicted at two low-level radioactive waste 
disposal units in Area 3 o f the RWMS was 4 meters for U3ax/bl and 5 meters for 
U3ah/at (Obi et al., 1996). A similar study o f subsidence potential for the Area 5 
RWMS yielded an estimated maximum o f about 2 to 6 meters (EUetson and 
Johnejack, 1995).
•  Elfass et al. (2000) conducted a numerical study using a finite element model to 
estim ate 3-dimensional states o f stress and Strain in landfiU covers o f different 
thicknesses for the RWMSs o f the NTS. The research focused on the potential o f a 
landfiU cover to exhibit tensile cracking under stresses imposed by subsidence. The 
subsidence was postulated to be caused by buckling o f the waste containers, and 
corrosion o f steel and wood containers, accompanied by backfill and raveling o f soil 
into void spaces between waste containers. The authors concluded that localized 
minor cracking would precede failure, which is defined by a critical strain determined 
in the laboratory. A cover thickness o f 2 to 3 meters, with a 3 % slope towards the 
edges was found to be adequate for prevention o f all but localized minor tensile 
cracks in the soil covers.
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• The final design for the monofill cover for the U3ax/bl unit o f the Area 3 RWMS uses 
an evapotranspirative (ET) cover. The ET cover consists o f a compacted native soil 
barrier layer topped with native vegetatioiL It is expected that the transpiration 
process will assist evaporative processes by causing moisture to move from the roots 
o f the plants to the atmosphere. This way, the moisture will have very little chance o f 
reaching the buried waste. A further advantage o f using this ET cover is that it is very 
cost-effective (U.S. DOE, 2001b).
Previous Work Related to the Thesis
Fundamental work that has been done in the subject research area is described below.
• Bench Scale Testing Methodology
> Some o f the bench-scale testing methodologies used in this work were previously 
used successfully to study liquid and gaseous movement o f diesel fuel through 
sand using a tank with dimensions o f 0.62 m high by 0.11 m wide by 0.88 m long 
(Johnson and Kreamer, 1994).
> A similar tank was used by another researcher to study the influence of grain size 
o f a porous medium and residual water saturation on the movement o f diesel fuel 
(Rajagopalan, 1995).
• Compaction o f Soil for Landfill Covers in an Arid Climate
>  Miller et al. (1999) conducted a study to investigate settlement associated with 
unsaturated soils using centrifuge modeling o f compacted sût embankments. In 
this study, an aluminum centrifuge box, with dimensions o f 0.11 m long by 030 
m wide by 0.46 m high, with an open top was filled with sût. Soû passing through
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a No. 4 sieve was compacted into three equal layers using a standard Proctor 
ham m er  until the target dry unit weight was reached. The compacted soil at the 
edge o f the alum inum  box was trim m ed using a stainless steel bar having a 
sharpened beveled edge. India ink was used to trace the vertical and horizontal 
movement o f the deformed model in the Plexiglas wall o f the alum inum  box. The 
c o u rse  o f the embankment was attributed to the soil fabric being open; that is, it 
contains an assemblage o f particles with large inter-particle voids. Soil suction 
contributed metastable bonding to the unsaturated embankment. The authors found 
that the collapse potential tended to increase as the degree o f saturation and dry 
unit weight decreased. Therefore, they concluded that compaction dry o f optimum 
moisture content (OMC) would lead to greater collapse potential than compaction 
wet o f OMC.
> Meerdink et al. (1996) conducted a study to determine the effects o f molding 
(compaction) water content and compaction energy on the unsaturated hydraulic 
conductivity o f two compacted barrier soils used in landfill covers. Unsaturated 
conductivities, measured in the laboratory and used in field, were compared. The 
results fiom this study showed that the large contrast in hydraulic conductivity for 
molding water contents wet and dry o f optimum dimmishes as the matric suction 
increases, or the water content decreases. The molding water content was found 
to have no effect on unsaturated conductivity for matric suctions greater than 20 
m. Higher levels o f compaction energy correlated to lower hydraulic 
conductivities, both saturated and unsaturafed.
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8
Mechanisms o f Collapse for Soil Cover
> Goodings and Abdulla (1996) conducted a centrifuge-modeling study o f sinkholes 
in weakly cemented sand overlain by uncemented sand. The models were 
constructed using a strong aluminum box, with dimensions o f 039 m x 036 m in 
area. A felse bottom was built into the box, providing a void space underneath the 
cemented sand model layer. In the cm ter o f the false bottom was placed a circular 
opening to simulate a dissolution feature in limestone bedrock. During model 
preparation, the opening was plugged to form a continuous horizontal base. The 
cavity plug was removed from the opening after model construction to allow the 
soil to fall into space during centrifuge testing. The researchers found that the 
mechanism of collapse o f soil covers into cavities and underground openings is 
due mainly to self-weight forces. They concluded that  ̂ when openings begin to 
develop at the top o f the bedrock, even cemented sand may not be able to bridge 
the openings. If the opening is extensive, and connected to deep cavities through a 
conduit, collapse o f the cemented sand into the opening could be followed by 
progressive subsidence in the overlying uncemented sand. The authors claimed 
that failure in a dry, weakly cemented layer o f sand bridging over a circular cavity 
was initiated by tensile cracking along steeply inclined planes extending inward 
from the edges o f the cavity at angles averaging 61 degrees with respect to 
horizontal, which is the orientation o f the plane on which the major principal stress 
acts. This behavior is consistent with that o f soil, rock, and concrete beams, which 
demonstrate foQure plane orientations of 45 + ^/2, where is the internal friction
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angle, with respect to the orientation o f the plane on which the major principal 
stress acts. The for cemented sand used in this experiment was 32°.
Field-Scale Studies o f Cavities biduced Beneath Simulated Landfill Covers
> Abeele et al. (1996) conducted studies in both laboratory and field to investigate 
mechanisms o f settlement and subsidence o f locally available materials (crushed 
tuff and bentonite-amended tufi) over artificial cavities at Los Alamos National 
Laboratory. Results showed that unless excessive water was introduced, these 
materials performed quite well to bridge the cavities. However, the authors noted 
that effects o f time or aging o f the covers have yet to be studied, as well as the 
combined effects o f hydrological and mechanical stresses on the covers.
>  At Sandia National Laboratories, Boms (1997) created field-scale testing facilities 
to simulate and monitor the effects o f subsidence on landfill covers. The author 
used a test cell with dim ensions o f 30 m long, 5 m wide and 3 m deep, to simulate 
general and local subsidence over a coUtqisible air-filled bladder. Fiber-optic 
strain-sensor technology was used to monitor subsidence o f an evapotranspirative 
cover.
>  Serrato (1994) performed field studies to investigate the effects o f subsidence on 
landfill covers consisting o f compacted clay layers and geosynthethics at the 
Savannah River Site, Aiken, South Carolina. The testing was divided into two 
phases. Phase one focused on the structural and hydraulic performance 
characteristics o f a 0.6-meter-thick compacted sandy clay layer in response to 
induced subsidence, and phase two fixmsed on geosynthetic materials and their 
structural and hydraulic performance in response to induced subsidence.
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The author found that both designs yielded satisfactory results over the short term. 
Although the difference in climate at the South Carolina study site negates the 
direct applicability o f the study to the case or hand, the technique and technology 
o f testing and measurement are useful in terms o f technology transfer.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
n
FRENCHMAN# r
■pf̂ EEKT. i
- ® -
Figure 1.1 Locations o f the Area 3 and Area 5 Radioactive Waste Management Sites, 
Nevada Test She, Nevada (Arnold et ai,, 1997)
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CHAPTER 2 
TEST SOIL DESCRIPTION
Introduction
Both the Area 3 and Area 5 RWMSs are situated in deposits o f alluvium derived from 
surrounding mountain ranges. This chapter contains a brief description o f the soils from 
the Area 3 and Area 5 RWMSs. These soils are then compared to the test soil that was 
used in the bench-scale studies.
Except where otherwise noted, the American Society for Testing and Materials 
(ASTM) Standard Methods were used to determine the soil properties for the test soils 
(These methods used are listed in Appendix A.).
Test Soil
We had intended to perform our investigation using the same soil that would serve as 
final cover material for landfills o f the Area 5 or Area 3 RWMS. This was not possible 
due to the d ifficu lt o f removing soil from the NTS. Instead, surrogate soil with sim ilar 
properties was sought. With assistance from Mr. Kevin Leary (DOE) and Dr. Bruce 
Crowe (Los Alamos National Laboratory), the test soil was found near the southwestern 
comer o f the intersection o f Las Vegas Boulevard and Lake Mead Drive. The test soil 
was selected based on its grain-size distribution, particularly fines content, and parent
12
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material, which combines carbonate sediments and volcanics. The soil is a Quaternary 
alluvium. By physical observation, the soil consisted primarily o f fine, loose sand, with 
light brown color. It also contained a fair amount o f coarse gravel, and a few cobbles o f 
about 10-cm diameter. Permission to collect soil was obtained from Mr. Fredrick Rochez 
o f the Nevada Department o f Transportation.
To properly characterize the test soil for its engineering behavior and to compare it 
with the Area 5 and Area 3 soils, the following tests were performed: grain size analysis, 
Atterberg limits, specific gravity test, modified Proctor test, direct shear test, and swell 
test. All test results are tabulated in Appendix A, Tables A1 to A1 S.
Grain Size Analysis
For soil particles larger than 75 pm (i.e., particles retained on the No. 200 sieve), the 
particle size distribution is determined by sieving (ASTM D 422-63). For soil particles 
smaller than 75 pm, it is determined using a sedimentation process, by hydrometer 
(ASTM D 421 and ASTM D 422). The sieves used for this test were 1-in. (25.4 mm), %- 
iiL (19.05 nun), 3/8-in. (9.53 mm). No. 4 (4.75 nun). No. 10 (2 nun). No. 40 (0.425 nun). 
No. 60 (0.25 mm). No. 100 (0.15 mm) and No. 200 (0.075 nun). The sieving process was 
completed using an electrical sieving machine, for a duration o f 30 minutes.
The results o f sieve analyses conducted on the test soil and a  specimen collected firom 
Pit 3 o f the Area 5 RWMS are shown in Figure 2.1. According to the Standard 
Classification o f Soils for Engineering Purposes (ASTM D 2487-93), the test soil can be 
classified as silty sand (SM). Grain size distribution ctuves for Area 5 and Area 3 RWMS 
soils produced by others are included in Fig. 2.1 for comparison. All soils classified as
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silty sand (SM). The gradation o f the test soil is very similar to that o f the Area 5 soil, and 
it is somewhat more coarse than the Area 3 RWMS soil.
Atterberg Limits for Test Soü
The plastic limit test was attempted according to the Standard Test Method for Liquid 
Limit, Plastic l imit, and Plasticity Index o f Soil (ASTM D 43l8-95a). O f two samples 
tested, neither exhibited cohesive characteristics; therefore, the Plastic Limit could not be 
determined. The test soil was concluded to be non-plastic.
Specific Gravity Test for Test Soü
The Specific Gravity Test was completed according to the Standard Test Method for 
Specific Gravity o f Soüs (ASTM D 854-92). The boiling method was used. In two tests, 
the specific gravity o f the test soü was determined to be 2.64 and 2.66. By taking the 
average o f the two results, the test soü solids were determined to have a specific gravity 
of2.65.
Standard Proctor Test for Test Soü
The Standard Proctor compaction test was completed according to the Standard 
Method for Laboratory Compaction Characteristics o f Soü Usmg Standard Effort (ASTM 
D 698). Results are shown in Figure 2.2. The maximum dry unit weight (y<unax) according 
to the Standard Proctor test o f the test soü was 18.4 kN/m \ and the optimum moisture 
content (WopO was 10.5 %. The dry unit weight is defined as the weight o f solids per unit 
volume o f soü in the compacted state, and the moisture content as the weight o f water
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divided by the weight o f solid in a soil element The optimum moisture content is defined 
as the moisture content that will produce the highest dry unit weight for a given 
compaction effort
Modified Proctor Test for Test Soil
The Modified Proctor compaction test was completed according to the method for 
Laboratory Compaction Characteristics o f Soil using Modified Effort (ASTM D 1557). 
Results are shown in Figure 2.2. The ydjnax was 19 J  kN/m^ and Wopt was 9.4 %.
Figure 2.2 also includes results o f modified Proctor testing for soil from the Area 5 
RWMS. Testing by this researcher o f soü from Pit 3, Area 5 RWMS yielded ŷ jnax o f 17.3 
kN/m^ and Wopt of 13.1 %. Testing by Colder Associates Inc. (1997) o f soü from Pit 5 
Area 5 RWMS yielded a yd̂ nax o f 173 kN/m^ and Wopt of 10.5 %. Testing by Davis 
(1999) of SOÜ from the Area 5 RWMS yielded ydjnax o f 16.9 kN/m^ and Wopt of 9 3  %. 
These data show that when subjected to the same compactive effort, the density o f the test 
SOÜ is greater than that o f soü from Area 5, even though the grain size distributions are 
almost identical.
Direct Shear Test for Test Soü
The direct shear test was performed accordii% to the Standard Test Method for Direct 
Shear Test (ASTM D3080-90). This test establishes the consolidated-drained shear 
strength o f soü in direct shear. The test is performed by deformii% a specimen at a 
controUed strain rate on or near a single shear plane whose orientation is determined by 
the configuration o f the apparatus. GeneraUy, three or more specimens are tested, each
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
under a different normal load. In this study, normal loads o f 8, 16, and 32 kg were used. 
These loads correspond to normal stresses o f 28, 50, and 99 kPa respectively. This 
corresponds to surchai^e depth o f 1.6, 3.1, and 6.4 m respectively for a soil with y = 15.6 
kN/m^. The unit weights and moisture contents used for testing were chosen to span the 
continuum from the sub-ambient conditions to those corresponding to conditions 
generated in a modified Proctor test
Ambient unit weights and water contents o f native soils in the Area 3 and Area 5 
RWMSs have been reported in various sources. The average ambient dry unit weight of 
native alluvium from the U3ax/bl unit (Area 3 RWMS) was reported to be 123 kN/m^, 
with an average moisture content o f 3 % (Raytheon Services Nevada, 1995). Obi et al. 
(1996) reported the dry unit weight o f in situ soil in the Area 3 RWMS to be 14.6 kN/m^ 
and moisture content to be 7.8 %. Dixon (1999) determined the average ambient dry unit 
weight for both Areas 3 and 5 to be 15.6 kN/m^, and water content to be 3.4 %.
Three sets o f direct shear tests were performed at the following unit weights and 
water contents: (1) yj = 13.4 kN/m^ (sub-ambient), w = 3.4 %; (ambient); (2) yd = 15.6 
kN/m^ (ambient), w = 6.4 % (mid-range); and (3) yd = 173 kN/m^ (90 % o f ydjnax 
according to the modified Proctor test), w = 9.4 % (Wopt for the modified Proctor test).
For the sub-ambient density condition, the soil sample was simply placed in the shear 
box without compaction and trimmed using a straightedge. For the ambient density 
condition, the soil was compacted in the shear box in a single lift. For the high density 
condition, the soil was compacted m lifts. Raw data fix)m all direct shear tests are 
presented in Table A.13 through A.15 and Figures A2.1 through A 23 (Appendix A). The
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resolution o f the dial gauges used to measure horizontal and vertical displacements was 
0.00254 mm
Figure 2 3  illustrates the Mohr-Coulomb foilure envelope. The results show that as the 
density o f the soil increases, the internal friction angle (î ) decreases and the cohesive 
component o f strength (c) increases. Table 2.1 summarizes the results o f the direct shear 
tests for the test soil. Figure 2 3  and Table 2.1 also include the results o f direct shear tests 
performed by others on soil from the Area 3 RWMS (Raytheon Services Nevada, 1995). 
The soil was compacted to dry unit weights o f 17.9 and 20.1 kN/m^, and tested at normal 
stresses o f 70 and 120 kPa. The results show that the test soil may have a slightly higher i|» 
and lower c than the soil o f the Area 3 RWMS although results are not conclusive 
because o f differences between tests in compaction density and normal load. Similar data 
for Area 5 RWMS soils could not be located.
Characterize Swell and Shrinkage Potential o f the Test Soü
To investigate the swell potential o f the test soil, a  Proctor mold, which has a 
diameter o f 0.15 m and a height o f 035 m, was used. No ASTM Standard Method was 
followed for this test. The test soil was compacted using the modified Proctor ham me r to 
Yd o f 173 kN/m^ and w = 8.4 %. This value o f yd represents 90 % of ydjnax according to 
the modified Proctor test. This value o f w represents one percent dry o f optimum 
according to the modified Proctor tesL
The initial height o f compacted soil in the mold was 0.17 m. The reason not to fill the 
mold completely was to allow the soil to ocpand once it was soaked. The compaction was 
performed in the mold at ambient temperature and pressure. Next, water was allowed to
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run into the mold until no more water could be retained. This process took about 2 days. 
After soaking the height o f the soil increased by 0.01 m. After the soil was allowed to dry 
at room temperature and pressure for a few days, the height o f the soil dropped to 0.165 
m. No moisture contents were measured. The observed volume change was about 6 % 
from maximum to minimum. According to Das (1994), this amount o f swelling is 
considered moderate.
The calculated percentage o f shrinkage for test soil was about 6 % from maximum to 
minimum. The shrinkage value for soü from U3ax/bl closure cap materials is 1 %, 
according to shrinkage testing o f soils using the Bar method (Raytheon Services Nevada, 
1995).
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Table 2.1 Direct Shear Test Results for Test Soil and Soil from Area 3 (U3 ax/bl)
SoQ Dry Unit
Weight
(kN/m^
Internal 
Friction Angle 
(6) (Degrees)
Cohesion 
(c) (kPa)
Regression
Coefficient
Test Soil 13.4 35 0 0.91
Test Soil 15.4 33 5 0.89
Test Soil 173 31 10 0.83
Area3(RSN, 1995) 17.9 29 17 0.75
Area3 (RSN, 1995) 20.1 23 46 0.78
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CHAPTER 3 
TESTING APPARATUS AND EQUIPMENT
Introduction
The author’s research project emphasized the development o f experimental methods. 
Various apparati and tools needed to be designed or modified to serve the purpose o f the 
experiment The new equipment evolved &om standard apparati and methods. The 
apparatus, equipment, and test methods introduced in this chapter include;
•  Test Tank
Equipment for Verification o f Soü Density
>  Density Determination Using Gross Weight
>  Modified Sand Cone 
Equipment for Compaction of Soü Cover
>  Compaction Hammer 
Equipment for Accelerating Subsidence
>  Dynamic Shaker
> Sledge Hammer
>  Surcharge 
Time-Lapse Photography
23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
Test Tank 
Introduction
The test tank was created initially to study the movement o f diesel fuel liquid and 
vapor in porous media (Johnson and Kreamer, 1994). The inside dimensions o f the test 
tank are 0.62 m high by 0.11 m wide by 0.88 m long. The tank was made o f aluminum. 
Initially, it had a glass front. Figure 3.1 is a schematic diagram o f the test tank. Figure 3.2 
contains photographs o f the actual test tank from different perspectives.
• Collapse Mechanism
For the purpose of the current research project, the tank was modified to allow 
creation of a cavity under the compacted cover. Four holes with diameters o f 0.114 m 
were cut approximately 0.025 m above the bottom o f the test tank, although only three 
were eventually used in creating the cavity, under the bottom center o f the test tank. The 
design o f the cylinders is shown in Figure 33 . The cylinders, made of PVC pipe, were 
sectioned lengthwise to facilitate removal. Plastic discs connected by a rod were used as 
forms to hold the cylinder sections in place and keep out soil. The cylinders were 
covered before insertion with plastic sheets. The purpose of the sheets was to prevent 
material from dropping out o f the test tank when the cylinders were pulled ou t Thus, the 
tubes with supporting discs and protective wrapping would be in place while the soü 
cover was being installed and then pulled out to create the cavity. This design worked 
very well under all levels o f compaction tested.
•  Modification for Structural StabiliQr
After a few very early experiments, it was found that the glass front could not 
withstand the raccessive horizontal stresses induced during compaction o f the soil. A 13-
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cm-thick sheet o f Lexan polycarbonate was installed in its place. To prevent the 
polycarbonate from bulging out at the center while the soil was being compacted, an 
aluminum brace was installed at the center o f the tank. This is illustrated in Figure 33 .
•  Modifications for Moisture Measurement
For the purpose o f measuring the in-situ moisture content o f the compacted cover 
during the experiment, 31 holes with 5.12-cm diameter were cut in the back of the test 
tank. These holes were used as ports to insert the Theta probe, a device used to measure 
the moisture content in the soil.
It was necessary to design a system to cover the ports so that the soil would not be 
able to fall out o f the test tank. A polypropylene geomembrane was attached to the inside 
o f the back o f the test tank using epoxy. The geomembrane and epoxy were donated by 
Serrot Corporation. Once the geomembrane had been installed in the tank, it was cut 
away around the 11.43-cm diameter holes for the collapse cylinders, and sets of three, 3- 
mm holes were drilled into it in the pattern of the Theta Probe prongs for each o f the 
Theta probe sampling ports. This greatly reduced the amount o f open area in the back of 
the tank. The geomembrane was also expected to reduce friction between the soil and the 
back o f the test tank. It did not, however, provide adequate structural support To 
compensate, 13 aluminum plates, with circular rubber disks cut to serve as stoppers to fit 
the 5.12-cm diameter Theta probe holes, were attached to the back o f the test tank as 
shown in Figure. 3 3 . The rubber disks were glued to the plates, and the plates were 
attached to the tank with screws.
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Equipment for Verification o f Soil Density
Two different methods were used to determine the dry unit weight o f the compacted 
soil in the experiment: gross weight and modified sand cone test 
•  Unit Weight Determination Using Gross Weight
The test tank was weighed before and after installation of the soil cover model using a 
136-kg capacity scale with precision ± 0 3  kg. The final thickness o f the compacted soil 
was measured, and the volume was determined. The moist unit weight (ymoist) o f the 
compacted soil could then be determined by dividing its weight by its volume. The 
process is illustrated in Figure 3.4. The weight o f the test tank including simulated waste 
ranged from 65 to 72 kg, and the weight o f the cover ranged from 47 to 53 kg in most 
cases.
To determine dry unit weight, moisture content o f the compacted cover needs to be 
obtained. The equation for dry unit weight is as follows:
yd=y«oi«/(l+w)
The moisture content o f the compacted cover soil was determined using standard 
methods (ASTM D 2216-92) on two samples from the top of the compacted cover. The 
holes in the compacted cover created by sample collection were backfilled using the same 
soil which was used to compact the cover. These samples are the same samples that were 
used for modified sand cone tests.
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•  Modified Sand Cone Test to Verify Densify o f Compacted Soil
One method commonly used to verify the densify of a compacted soil is the sand cone 
test (ASTM D-IS56). For the bench-scale study, a modified sand cone test was designed 
to fit into the test tank. The apparatus and process are illustrated in Figure 3.5. The 
apparatus consists o f a plastic bottle, which serves as a container to hold the sand, a 
portion o f a second plastic bottle, which has been cut to form a fimnel, a pipette, and a 
valve. The diameter o f the opening of the funnel was 6.67 cm. The pipette was 
connected to the top o f the inverted bottle. The mouths of the plastic bottles were 
connected through a valve and short length o f plastic tubing, with tape. The valve was 
used to control the flow o f the sand from the top o f the bottle. A thin plastic plate with a 
6.67-cm-diameter hole was fabricated, to provide a template and a stable and level 
surface from which to dig the soil from the compacted cover.
The first step of the sand cone test was to fül the pipette and bottle with sand. Clean 
crystalline silica sand, supplied by Corona Industrial Sand Company (CISCO), California, 
was used. Only particles that passed the No. 30 sieve and were retained in the No. 40 
sieve were used. Next, using the template, a small hole was dug in the compacted cover. 
The mass and the gravimetric water content o f the removed soil were determined. Next, 
the sand cone apparatus was placed on top o f the hole in the test plate. The valve was 
turned to allow the sand fiom the bottle to flow out until the hole was completely filled. 
The level o f the sand in the pipette was noted. The dry densify o f the compacted soil 
from the modified sand cone test was determined by dividing the oven-dried mass o f the 
soil that was dug out firom the cover by the volume o f the sand that was used to fill up the 
hole. Once the test was completed, the sand was removed fiom the hole using a small
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spoon. Finally, the hole was backfilled with test soil, using a metal spoon to tamp it into 
place.
•  Accuracy Verification for the Modified Sand Cone Test
Several tests were run to assess the accuracy o f the modified sand cone apparatus. 
The testing involved the use o f a Proctor mold and a standard Proctor hammer. Using 
this apparatus, the results of the sand cone test could be compared with density measured 
using the more-or-less standard laboratory technique. Five tests were performed using 
the test soil with a gravimetric water content o f approximately 4 %. Soil was compacted 
to a target densify in a 0.102-meter diameter Proctor mold using the standard Proctor 
hammer. For each test, the soil was placed in the mold in five lifis. This differs from the 
standard Proctor test (ASTM D 698) for which three lifts are used.
The results o f the tests are shown in Table 3.1. In every case, the densify by modified 
sand cone tK t was higher than the densify by Proctor tesL The variances for tests 3 
through 5 were less than 2 %. However, the variance for tests 1 and 2 was 8 % for both. 
Tests 1 and 2 had only 3 and 6 blows per lift respectively, which may not have been 
enough to compact the soil uniformly. Therefore, the cause of the discrepancy might be 
high variability o f the compacted soil densify. Therefore, it can be concluded that the 
modified sand cone test was adequate to measure the dry unit weight o f the compacted 
soil in the test tank providing the compacted soil was compacted consistently. Accuracy 
appears to decrease with decreasing compaction densify.
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Compactîoa Hammer
The standard Proctor hammer could not be used in the tank testing because it was too 
heavy, and therefore would produce an excessive amount o f compaction energy when 
applied in the test tank. Also, the round face o f the Proctor hammer was not appropriate 
to use in the rectangular test tank. Therefore, a  compaction hammer that was light and fit 
the test tank was designed.
The hammer was made o f a 74-cm long wooden "3x4” plank, with a rectangular 
wooden-block face, sized to match the tank width. The face of the hammer was 10 cm 
square, and was covered with an aluminum sheet. The aluminum sheet provided a 
smooth surface and also kept soil from sticking to it when the shaft was raised. The total 
weight o f the compaction hammer was 2.19 kg, including face and shaft. Figure 3.6 is a 
photograph o f the compaction hammer.
A guide assembly was designed to slide freely along the edges of the test tank. The 
system was designed to permit a repeatable hammer drop from a prescribed height Ten 
equally-spaced holes were drilled along the shaft o f the hammer, to allow passage o f a 5 
cm-long bolt The bolt was fastened with a nu t The bolt restricted the hamme r from 
being raised higher than the specified amount by impacting a stopper built into the guide 
assembly. The holes were spaced 23-cm  apart, thus allowing the distance from the top o f 
the soil cover to the bottom o f the raised ham m e r  to be maintained to within 2 3  cm o f 
17.8 cm.
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Equipment for Accelerating the Subsidence Event
In all but the test case of completely uncompacted dry soil, the cover material bridged 
the collapse feature in the short term. Since we are concerned with the long-term 
behavior o f the system, and we expect the portion o f cover above the cavify to eventually 
collapse, it was necessary to accelerate the subsidence event. Two methods were 
explored to accelerate the subsidence o f the cover through lateral loading: a dynamic 
shaker and a sledge hammer applied to the side o f the tank.
•  Dynamic Shaker
An APS Dynamics shaker. Model 113, was used as a source to apply horizontal 
vibratory loading to the test tank. The shaker is a force generator specifically designed for 
studying the dynamic response characteristics o f structures in the seismic frequency 
range. The frequency range o f the shaker is 0 to 200 Hertz. The shaker can produce 94 N 
o f force at a frequency of 0.1 Hertz, and 133 N o f force at frequencies higher than 0.1 
Hertz. A stout metal A-frame about 3 m high was built to support the dynamic shaker. 
The dynamic shaker was suspended from the A-frame and attached to one end o f the test 
tank. Figure 3.7 is a  photograph showing this setup.
After a few successive trials, it was found that the shaker could not produce enough 
force to cause the compacted cover to fail. As the frequency o f vibration was varied firom 
5 to 20 Hertz, and the voltage was varied from 13 to 2 volts, only slight changes were 
observed in the model in the test tank. A few fuses were broken as the current exceeded 8 
Amperes. Therefore, the idea of using the dynamic shaker to induce subsidence in the 
test tank was abandoned, and an alternative solution using a sledge hamme r to hit the test 
tank fiom a  prescribed angle and distance was designed.
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• Sledge Hammer
The sledge hammer weighed 4.5 kg. It was hung from the A-frame by an insulated 
cable. Duct tape was used to attach a rope to the sledge hammer, with which the hammer 
was pulled to a fixed angle controlled by a stopper on the A-frame. Once the rope was 
released the sledge hammer would hit a rubber pad affixed to the side of the test tank. The 
setup of the sledge hammer in the A-frame is illustrated in Figure 3.8. A schematic 
diagram o f the mechanism o f the sledge hammer hitting the test tank is illustrated in 
Figure 3.9.
The purpose o f the following is to establish the approximate force applied by the 
hammer blow to the side of the tank. According to the principles o f conservation of 
energy, energy can be transferred from one form to another, but the total energy o f the 
system always remains constant. Therefore, the calculations o f the forces applied to the 
test tank can he done using conservation o f energy. The conservation energy equation in 
this system is below:
Ko+U„ = Kf+Uf
Where: K. = kinetic energy 
U = potential energy 
o = initial 
f=final
The initial kinetic e n e r^  is equal to zero, hence,
Uo = - m * g * r * c o s  (8o)
Where: m = mass
g = acceleration due to gravity
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
r = aie radius (distance from rope’s point o f attachment to hammer head)
9o = m axim um  angle through which sledge ham mer  travels 
The kinetic energy at the time when the hammer hits the tank,
Kr= ‘/z * m * Vf̂
Where: v =  velocity
The potential en er^  at the time when the hammer hits the tank,
Uf= -m * g * r * cos (0)
From conservation o f energy,
Vf = [2 * g * r * (1- cos Go)!*̂
Based on conservation of linear momentum, the momentum of a system o f particles is 
conserved when no net force acts on that system. At the time the sledge hamme r hits the 
test tank, the linear momentum (p) of the sledge hammer is equal to the product o f its 
mass and its final velocity: p = (m ♦ Vf). The force exerted by the sledge hammer on the 
test tank (F) is equal to the change in momentum with time,
F = Ap / At 
Where: At = duration of the collision.
At =  X /  Vf
Where x is the distance o f travel o f the colliding bodies. If we assume conservatively that 
X = 1 cm, then F « 2 kN.
Based on the calculation, the horizontal force for one blow is twenty times greater 
than that applied by one cycle o f the dynamic shaker. The forces exerted by numerous
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blows o f the sledge hammer were found to be great enough to cause the compacted cover 
to collapse. The number o f blows applied to the test tank was based on empiricism. The 
hitting would stop when collapse occurred, as defined by the presence o f a visible crack 
extending through the cover, accompanied by localized subsidence. In many cases, this 
phenomenon did not occur, and blows were continued until many repeated hits caused no 
further visible changes.
Surcharge (Steel Balls and Metal Bar)
A surcharge load, which usually consisted o f steel balls, was used in most of the tests 
to accelerate subsidence. A total o f2300 steel balls, each weighing 8.47 g, were used. If 
the steel balls were distributed evenly on the cover surface, they would exert a total 
vertical stress o f 2.01 MPa. In one test, a metal bar, which contributed additional vertical 
stresses o f 2.4 kPa, was also used.
Time-Lapse Photography
Time-lapse photography was used to document the experiment A digital camera 
(Epson, model 7S0Z) was connected to an Intel Pentium III computer for direct 
downloading. The freeware program CAME vO.9, for digital camera control, enabled 
photographs to be taken every 30 seconds. Floodlights were used to enhance the 
visibility o f the front o f the tank. Figure 3.10 is a  schematic o f the time-lapse 
photography.
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34
Test
No.
Date Blows 
per layer
Gravimetric
water
content, {%)
Dry unit 
weight 
(kN/m^ by 
Proctor mold
Dry unit 
weight 
(kN/m^) by 
modified sand 
cone test
Result
variance
(%)
I August 2,2000 3 3.9 15.57 16.95 8.9
2 August 2.2000 6 4.0 16.50 17.96 8.9
3 August 10,2000 10 3.7 16.99 1722 1.4
4 August 20,2000 20 3.8 17.92 1826 1.9
5 August 25.2000 25 3.8 17.71 18.03 1.8
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Figure 3.1 Test Tank Schematic
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Front View Side View
Mufflinum Cover Plates
Top View Back View
Oblique view show ii^ moisture content probe holes partially blocked by geomembrane 
backing, and cover plates which were kept in place between measurements
Figure 3.2 Test Tank Configuration
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Figure 33  Mechanism for Creating the Cavity
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Portable Scale
i
Tank is weighed before installing cover
Tank is weighed again after cover is installed. Cover height and cross-sectional area are
measured to determine volume
Figure 3.4 DensiQ r Determination Using Gross Weight
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Sand cone apparatus with test tank 
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The test plate with hole 
being excavated
The sand cone test in progress
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Hgnre 3.5 Modified Sand Cone Test
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le Suspension 
or Shaker-frame
Figure 3 .7  A-Frame with Dynamic Shaker Attached to Test Tank
pledge
Hammer
Figure 3.8 Sledge Hammer Used for ECttu^ the Test Tank
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Figure 3.9 Schematic o f Mechanism used to Accelerate Subsidence
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□
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CHAPTER 4 
TEST PROCEDURES
Introduction
The purpose o f this chapter is to present the methods followed for performing the 
experimental research. The methodology for compacting the soil in the test tank over a 
range o f densities and moisture contents is discussed. The process is as follows; First, the 
cover model is constructed. Then, the underlying cavity is created. Lateral and vertical 
loads are applied to accelerate subsidence. Finally, a flood pulse is introduced, and the 
downward flow o f moisture is documented.
Soil Sampling
As described in Chapter 2, the test soil was obtained from the southwestern comer of 
the intersection o f Las Vegas Boulevard and Lake Mead Drive in Las Vegas, within the 
Nevada Department of Transportation right-of-way. The soil from this area bore 
important similarities to the soil in the Area 5 RWMS.
The soil sample was screened to remove particles larger than 635 mm, for the 
purpose o f scaling to match the ratio o f maximum particle size to cover thickness planned 
in the field. We assumed that the native alluvium that might be used as cover material for
44
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an RWMS landfill would be screened to remove particles larger than 75 mm. The 
recommended closure cover thickness for Pit 3, Area 5 RWMS was 3.05 meters, based on 
an evaluation o f the most likely pathways for release o f waste into the environment 
(Colder Associates Inc., 1997). This cover thickness was also expected to be sufScient to 
accommodate difierential subsidence up to 5.5 meters (Arnold et al., 1997). The U.S. 
Ecology waste disposal site at Beatty, Nevada has the same design cover thickness for a 
cover consisting o f screened native alluvium. The designers claim that this cover design 
will accelerate consolidation of the waste, provide an adequate supply o f material for 
filling subsidence cracks, and also minimize infiltration (Johnejack and Elletson, 1995).
Thus, the ratio o f maximum particle size (0.075 m) with respect to cover thickness 
(3.05 m) in the field was matched in the bench-scale model (0.00635 m and 0.25 m. 
respectively).
Dry Unit Weight and Moisture Contents
Moisture content plays an important role in the dry unit weight o f compacted soil 
achieved in the field. A range o f water contents can be used to achieve a given target 
densiQr. Results depend on the interaction between the soil and water, as well as the 
compaction energy applied. Soil can be compacted dry o f optimum, near or at optimum, 
or wet o f optimum. Generally, when soil is compacted at low water content, it exhibits a 
flocculated microstmcture due to the reduced repulsive forces between particles. When 
the moisture content is increased, the diffîise double layers around the particles expand. 
This increases the repulsion between the particles and gives a lower degree of 
flocculation and a higher dry unit weight. The water acts as a lubricant to the soil solids
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which can then adjust to a denser state. At high moisture content, the soil structure 
becomes dispersed. Additional water dilutes the concentration o f soil solids, thus causing 
the dry unit weight to decrease (Das, 1994).
The coefficient o f saturated permeability o f a soil, which is a measure o f how easily 
water flows through saturated soil, decreases with increasing moisture content during 
compaction. Therefore, for moist climates, the preference is to compact landfill covers at 
moisture contents wet o f optimum (Das, 1994). However, at the RWMSs o f the NTS, the 
arid climate leads to high évapotranspiration, such that saturated flow conditions in the 
near surface are rare, and infiltration deeper than a few tens of meters under the ground 
surface is negligible (Arnold et al., 1997). Avoiding compaction wet of optimum 
moisture content has several advantages, including increased resistance to desiccation and 
cracking, higher strength, and, in some regions, lower processing costs (Meerdink et al., 
1996; Dwyer, 1998). The idea that in an arid climate the soil cover will eventually dry out 
to approach ambient moisture content should also be taken into consideration. Thus we 
conclude that compaction using water contents on the dry side o f optimum according to 
the modified Proctor test is preferred. A fortuitous benefit o f compaction dry o f optimum 
for this research study was that the wetting fiont could be seen clearly in the test tank.
Thus, the lower-bound moisture content for the test tank study was chosen to match 
the ambient which is 3.4 %; and the upper-bound moisture content was chosen to be 8.5 
%, which is I % dry o f Wopt according to the modified Proctor test.
The range o f density targeted for compaction in this research was selected to bracket 
potential field conditions in the Area 5 or Area 3 RWMS. Targeted unit weights ranged 
fiom sub-ambient to those related to modified Proctor test conditions. The lower-bound
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compaction unit weight was chosen to be 13.4 kN/m^, which corresponds to 14 % less 
than ambient, which is 15.6 kN/m^. The upper-bound limit o f unit weight was chosen to 
be 90 % o f Ydjnax according to the modified Proctor test, which was 173 kN/m^. In most 
specifications in engineering earth work, contractors are required to achieve a compacted 
dry unit weight o f 90 % to 95 % o f Ydjnax determined in the laboratory, by either a 
standard or modified Proctor test (Das, 1994).
Another important aspect affecting the dry unit weight o f compacted soil is the 
compaction effort (en er^  per unit volume). The compaction effort (energy, E) is 
calculated for the Proctor compaction test using the following formula (Das, 1994):
E = ( W * g * Z * M * N ) / V
Where: W = hammer weight
g = fiee-fall acceleration at the earth s surface. 9.81 m/s"
Z = drop distance 
M = number o f layers 
N = number o f blows per layer 
V = volume o f the Proctor mold
An ener^r comparison between the modified Proctor test and compaction in the test 
tank is provided in Table 4.1. The compaction effort per unit volume repr^ented by the 
modified Proctor test is 2,700 kJ/m^. For the test tank experiments, cover density was
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varied by varying the compaction energy. This was accomplished by varying the number 
of blows per layer. As the number of blows increases, the compaction effort increases, 
and thus the dry unit weight o f the soil also increases. As demonstrated by Meerdink et al. 
(1996), higher compactive effort reduces the saturated or unsaturated hydraulic 
conductivity.
The compaction effort equation enables the calculation o f the amount o f energr 
needed to be applied to achieve a particular density. To correlate desired density with the 
compactive effort, a few non-standard compaction tests were performed.
Non-Standard Compaction Testing
Non-standard compaction testing was performed to correlate compaction energy to 
dry unit weight. This testing made use o f the 0.102-m diameter Proctor mold, the 
modified Proctor hammer and the standard Proctor hammer. The number o f blows and 
the number of layers were also varied in the tests.
Eight Proctor curves were generated to study the number o f hammer blows needed to 
achieve target unit weights. Results are summarized in Table 42. and Figure 4.1. The first 
five tests were conducted using the modified Proctor hammer, and involved 5 layers. 
These yielded Ydjnax very close to that obtained in a modified Proctor test. Two tests made 
use o f the standard hammer, and involved three layers. These yielded somewhat lower 
densities. Since the goal o f this research is to produce lower densities, the last two tests 
provided a better indication o f the ninnber o f blows that would be required for the test 
tank experiments.
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An eighth test o f uncompacted soil was perfonned in an otherwise similar fashion to 
the rest o f the tests. The compaction curve for this test series shows an 
uncharacteristically inverted “U”. For the most part, as the moisture content increased, the 
dry unit weight decreased.
With the exception o f the test lacking any compaction, the lowest compaction energr 
was 145 kJ/m^. in test 7. The lowest Y<unax achieved was 17.6 kN/m^. This compaction 
energr is still reasonably high, considering that the desired range o f densities in the test 
tank is 13.4 to 17.3 kN/m^. Therefore, it was clear that test methods imparting 
compaction energies lower than 145 kJ/m^ needed to be established.
For the first test tank experiment, compaction energy of 38 kJ/m^ was targeted. This 
value was chosen based on trial and error. It corresponds to a blow count with the 
specially designed wooden hammer o f 46 per layer for each of ten 2.5-cm thick layers.
The dry unit weight obtained was 15.4 kN/m^, which is very close to the ambient 
density condition (15.6 kN/m^. From these results it was estimated that in order to 
achieve the targeted range o f y t blow counts should range &om approximately 30 to 70 
blows per layer.
The information obtained in the preliminary non-standard compaction tests only 
provided a rough guide. As more tests were completed, the relationship between blow 
count and density grew clearer. Table 4.3 is a list o f ta^et dry unit weights, water 
contents, and associated compaction energies and number o f blows needed to achieve the 
target.
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Test Tank Compaction Methodology
With the completion o f the preliminary design of tools and equipment, measurement 
o f soil properties, and development o f methodologies to determine desired density and 
moisture content, it was time to construct a simulated landfill cover in the test tank. 
Figure 42 illustrates the process. The first step is to install a bed o f gravel as surrogate for 
waste. The gravel used was left over from the sieve analysis as the portion retained on the 
'/t-in. sieve, which had an opening size o f diameter o f 6.35 mm. About 1 cm o f gravel 
was placed in the test tank, and then the three cylinders, wrapped with plastic, were 
installed. Then more gravel was used to fill up the test tank to about 035 m fiom the 
bottom.
The side o f the test tank was tapped with a hammer to density the gravel. Voids 
between the gravel particles were loosely filled with No. 12 sand, which is a crystalline 
silica sand, with the intention o f minimizing the cover soil lost into the voids during 
compaction. This process o f tapping the test tank with a hammer and backfilling the voids 
with sand was repeated several times, until no further consolidation o f the gravel or 
penetration of the sand was observed. The mass o f the waste surrogate ranged between 23 
and 27 kg.
The next step was to compact the cover soil in the test tank. The amount o f soil used 
in each lift was determined by trial and error. Since the amount o f soil in the compacted 
cover affects its final thickness, it is important to use a suitable amount o f soil. The 
amount o f water added to the soil was determined assuming an initial gravimetric water 
content o f I %. This baseline water content was established through the conduct o f
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several tests performed according to ASTM standard to determine moisture content 
(ASTM D 2216-92).
The preparation of the soil and mixing with water was performed lift-by-lifL The 
specially-modified hamme r  was used to compact the soil in the test tank. Depending on 
the target density for a particular cover, the number o f blows was varied (Table 4.3). 
After a layer was compacted, the surface layer was scarified, according to ASTM 
Standard Test D 1557, to enhance surface contact between lifts. More No. 12 sand was 
used as a marker on top o f alternating lifts, to enable tracing o f the pattern o f deformation 
in each layer. Approximately 100 to 200 cm^ of sand was used per marker bed. The sand 
lines were placed along the front o f the tank, directly behind the polycarbonate sheet, so 
as not to unduly disturb the flow o f water in the wetting phase or break the mechanical 
bond between lifts.
Care was taken to make sure that hammer blows were distributed evenly across the 
test tank, and the test methodology was kept consistent. Once the construction o f the 
cover model was complete, the scale was used to weigh the test tank, and two modified 
sand cone tests were performed.
Next, the tank was put in place for photo documentation. The cavity was formed 
beneath the cover by removing the three collapsible PVC cylinders. The process o f 
creating the cavity was documented with the digital camera.
Accelerate Subsidence
A sledge hammer and surcharge were used to accelerate subsidence as described in 
Chapter 3. One person would cock the hammer by pulling it to its prescribed position.
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using a stopper on the A-frame as a guide, and then release it. The test tank was hit 
repeatedly and consistently until the compacted cover in the test tank collapsed or until 
many repeated blows showed no significant change. To permit quantitative evaluation of 
displacements, a ruler was taped to the frx)nt o f the tank. Photographs were taken 
sporadically during this process.
Introduce Flood Pulse
After the compacted cover had collapsed, a simulated rainfall event followed. For 
each flood pulse, 500 cm^ o f water was poured evenly on a perforated piece o f aluminum, 
set on top o f the tank (Figure 4.3). Flood pulses were repeated for 30 minutes for a total 
o f 4000 cm"* of water introduced by the end of the wetting process. The tank was 
photographed every 30 seconds. The entire wetting process lasted about 7 to 8 hours. This 
aspect o f the experimental study will be presented in detail in a companion thesis by 
Jeffrey GriesL
Testing matrix
A total of 17 experiments were plaimed, with Experiment 17 intended to replicate 
Experiment 16. The dry unit weights and moisture contents targeted in this experiment 
are listed in Table 4.4 and illustrated in Fig. 4.4. The conditions actually achieved are 
also included in Figure 4.4. These results will be discussed in (Chapter 5.
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Table 4.1 Energy Comparison between Modified Proctor Test and Compaction in Test 
Tank
Modified Proctor Test Compaction in Test 
Tank
Mass o f hammer (kg) 4.5 1.12
Drop distance (m) 0.45 0.18
Number of layers 5 10
Blows per layer 25 28 to 80
Volume (m^) 9.44 X 10'̂ 2.38 X 10'̂
Energy per unit volume 
(kJ/m^)
2700 24 to 68
Table 4 3  Parameters and Results o f Non-Standard Compaction Testing
Test
No.
Number of 
Blows per 
Layer
Number o f 
Layers
Type o f 
Hammer
Compaction
E ner^
(kJ/mO
Optimum
Moisture
Content
{%)
Yiinax
(kN/
m )̂
1 15 5 Modified
Proctor
1600 9.6 193
2 25 5 Modified
Proctor
2700 9.5 19.3
3 25 5 Modified
Proctor
2700 9.4 193
4 35 5 Modified
Proctor
3800 9.1 19.6
5 40 5 Modified
Proctor
4300 9.7 19.8
6 10 3 Standard
Proctor
240 9.0 17.8
7 6 3 Standard
Proctor
145 13.5 17.6
8 None I None Self-weight
alone
N/A 13.4
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Table 4.3 Blow Counts Used in Test Tank to Achieve Desired Target Densities
Test
No.
Target Dry Unit Weight 
(kN/m^
Compaction
E ner^
(kJ/rrr)
Number o f 
Blows per Layer 
Required
I 13.4 39 46
2 13.4 39 46
3 13.4 30 35
11 15.3 38 45
6 15.4 24 28
7 15.4 25 30
12 15.4 42 50
15 15.4 36 42
4 15.6 28 33
16 15.6 34 40
17 15.6 34 40
8 17.2 36 42
9 173 42 50
10 173 55 65
13 17.2 59 70
14 173 68 80
5 173 37 44
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Table 4.4 Target Compaction Parameters for Test Tank Experiments
Test No. Target Conditions
Dry Unit Weight (kN/m^ Water Content (%)
I 13.4 3.4
2 13.4 3.4
3 13.4 3.4
4 15.6 4 3
5 173 43
6 15.4 5.4
7 15.4 6.6
8 173 5.4
9 173 5.4
10 17.2 5.4
11 15.3 7.8
12 15.4 6.6
13 173 6.6
14 173 7.8
15 15.4 6.6
16 15.6 3.4
17 15.6 3.4
U N /A N/A
O N /A N/A
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Figure 4 2  Compaction methodology in test tank
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CHAPTERS 
RESULTS AND DISCUSSION
Introduction
This chapter describes the «rperimental results o f all 19 tests that were performed, 
numbered in chronological order. In this chapter, a detailed description o f subsidence and 
deformation in every experiment is provided with the aid o f photographs where possible. 
For each experiment, a thorough discussion o f physical changes in the cover, reasoning 
behind the results, as well as the boundary conditions that lead to certain behaviors o f 
cover deformation and collapse are presented. Discussions, recommendations and 
comments follow. Finally the limitations and sources o f errors in the test tank experiment 
are discussed.
Discussion o f the Experimental Results 
Overview of Results
Figure 5.1 shows the comparison o f different dry unit weights obtained for each 
experiment using the scale and sand cone methods. The reported dry unit weight is 
determined by first averaging the results o f the two modified sand cone tests. The 
averaged result fiom the modified sand cone tests is then averaged with the value 
determined by gross weight. This weighted average o f the results o f the three tests is
60
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considered to be a better representation of dry unit weight.
Ability to reach tai^et conditions
Experiments 1, 2, and 3 demonstrate substantial fluctuations in terms o f dry unit 
weight In the early experiments, the differences in dry unit weight between the gross 
weight method and the sand cone method were significant. This margin o f error was 
reduced with the introduction of a second sand cone test fiom Experiment 5 onward. 
Referring back to Fig. 4.4, o f the seventeen experiments for which dry unit weights were 
measured, nine experiments showed differences less than 5 %. Five experiments showed 
differences between target and reported dry unit weight o f 5 to 10 %. Three experiments 
showed differences between 15 to 29 %.
Regarding water content, referring back to Fig. 4.4, o f the seventeen experiments for 
which water contents were measured, three experiments showed differences between the 
actual water content and the target water content o f less than 2 %. Twelve experiments 
showed the difference between the actual water content and the target water content o f 2 
to 7 %. Two experiments showed differences between the actual water content and the 
target water content o f 12 to 17 %.
It can be concluded that the target w was easier to achieve than the target yd, but both 
could be matched within 5 % in most cases.
Results o f test tank experiments
Although the experiments are numbered chronologically, the results o f the 
ocperiments are discussed in order o f ascending moisture content. This is done because
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an obvious pattern emerges in terms of cover collapse mode with respect to moisture 
content. Results are summarized in Table 5.1.
Generally, two modes o f collapse are observed in the experiments: localized collapse, 
and broad depression formation. In the localized collapse mode, the cover forms what is 
described in mining terminology as progressive hanging-wail caving subsidence (Brady 
and Brown, 1985). In the broad depression formation mode, the surface features a broad 
depression, with gradual slumping and multiple sub-parallel fiactures forming through the 
compacted cover, resulting in fewer wide-open pathways for fluid migration, but in a 
broad collection basin for surface flows.
Conventions for terminology used in thesis are as follows: Reported yd is considered 
low for values up to 15.0 kN/m^, medium from 15.0 to 16.5 kN/m^, and high for 16.5 
kN/m^ and greater. Reported w is considered low for values up to 5.0 %, medium from 
5.0 to 6.5 %, and high for 6.5 % and greater. These bounds are illustrated in the test 
matrix (Fig. 4.4). The terms ~left” and “right” as used to describe the slope o f the collapse 
surface is as viewed from the front o f the test tank. For every experiment a series of 
collapse photographs is provided.
Following the individual test descriptions, physical observations including patterns of 
collapse are described.
Experiment U (yd = lOJZ kN/m^ (estimated); w = 2J2 % (estimated); no surcharge; no 
lateral load; Figure 5.2)
The yd for Experiment U is in the low range and the w is in the low range. The 
uncompacted (U) test was the first one performed. Many of the standardized methods that
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were followed through most o f the testing process were not used here. The test was 
performed before the design o f the collapsible cylinders was developed, and it was found 
that the intact cylinders were very hard to push into, as well as pull out from the test tank. 
The test soil was poured evenly on top o f the gravel and was not compacted. Once the 
uncompacted soil was about 25.4 cm thick on top o f the gravel waste-surrogate, the 
cylinders were pulled. The cover collapse occurred immediately, without additional 
surcharge or lateral loading. The parabolic arch in the soil over the cavity grew 
progressively grew upward and larger in extent. Finally, the surface was breached over a 
broad area, a deep depression formed, and wide open channels could be observed from 
waste to surface. The mode o f collapse in this case could be described as localized, with 
upward caving by consistent raveling. This is a classic case of upward raveling form ing a 
subsidence chimney. Distinct preferential pathways for saturated fluid flow and vapor 
migration were formed. The wetting front was observed as the water moves through the 
preferential pathways; excessive water was retained on top o f the cover.
The density and moisture content in this experiment were estimated with help from 
imdergraduate research assistant Travis Grant after the actual experiment had been 
completed. The weight o f test soil required to loosely fill a lO.l-cm diameter Proctor 
mold was determined. The moisture content o f the soil was determined using ASTM 
standard methods.
Experiment 17 (yd = 16.9 kN/m^; w = 2.8 %; no surcharge; 67 hammer blows; Figure 53)
The Yd for Experiment 17 is in the high range, and the w is in the low range. This 
experiment was intended to be a duplication o f Experiment 16. The first change in the
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cover was observed after 8 hammer blows. The layers o f the cover were progressively 
filling the cavity. After 16 blows, the top o f the cavity had taken the shape o f an arch. 
From 24 blows to 63 blows, every blow caused the shape o f the cavity to change slightly. 
At 67 blows, the surfoce was breached and open channels extended from waste to surface. 
The collapse resulted in severe localized damage, and the mode o f failure in this case 
could be described as localized with upward caving by consistent raveling. Distinct, 
continuous preferential pathways for saturated fluid flow and vapor migration were 
formed.
Experiment 3 (y<i = 15.2 kN/m^; w = 3.3 %; steel balls for surcharge, 34 hammer blows; 
Figure 5.4)
The Yd for Experiment 3 is in the medium range, and the w is in the low range. The 
left side o f the cavity was changed after 9 blows when the cover material began dropping 
from above. At 14 blows, the lowest sand line marker bed dropped to the waste material 
below. Next, the collapse surface propagated upward to the second sand marker on the 
left side. At 17 blows, the collapse had formed a near-symmetrical parabolic shape. At 22 
blows, the collapse reached the third sand marker. At 32 blows, the collapse surface 
reached the fourth sand layer. Finally, at blow number 34, the collapse feature breached 
the surface.
The collapse resulted in severe localized damage, and the mode of collapse in this 
case could be described as localized with upward caving. The collapse surfaces occur 
preferentially along lift boimdaries at depth, but not near the top. Although there were 
distinct, continuous preferential pathways for satmated fluid flow and vapor migration.
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they are much less pronounced than in Experiment 17, which bad similar compaction 
moisture content. This difference may be due to the difference in compaction density.
Experiment I (yd = 15.4 kN/m^; w = 3.3 %; no surcharge, hammer blows not recorded; 
Figure 5.5)
The Yd for Experiment I is in the medium range, and the w is in the low range. This 
first experiment with a compacted cover was conducted primarily to explore the 
compaction energy level required to achieve the desired density. A mallet was used to 
accelerate the subsidence process. The blow count was not recorded, nor were periodic 
photographs taken.
The collapse resulted in severe localized damage, and the mode o f collapse in this 
case could be described as localized with upward caving by consistent raveling. Distinct, 
continuous preferential pathways for saturated fluid flow and vapor migration formed.
Experiment 16 (y<i = 16.6 kN/m^; w = 3.4 %; no surcharge, 99 hammer blows; Figure 5.6) 
The Yd for Experiment 16 is in the high range, and the w is in the low range. At 10 
blows, deformation was observed at the left side o f the bottom cover near the cavity area. 
At 14 blows, the collapse surface propagated upward at the left side o f the cavity. At 17 
blows, the collapse surface became nearly symmetrical as the collapse reached the bottom 
o f the third sand marker. At 20 blows, the collapse surface leveled out at the third sand 
marker. At 45 blows, the collapse surface had reached the fourth sand marker. Finally, at 
49 blows, the surface was breached and open channels extended fix)m waste to surface. 
The coll^)se resulted in severe localized dam%e, and the mode o f coll^tse in this case
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could be described as localized with upward caving by consistent raveling. Distinct, 
continuous preferential pathways for saturated fluid flow and vapor migration formed.
Experiment 2 (yd = 1 7 3  kN/m^; w = 3.4 %; steel balls and steel bars for surcharge; 
hammer blows not counted; Figure 5.7)
The Yd for Experiment 2 is in the high range, and w is in the low range. Initially, in 
this early experiment, the dynamic shaker was attached to the test tank to accelerate 
subsidence, but it did not provide enough external force to cause the cover to collapse. 
Therefore, a mallet was used to pound on the side o f test tank until the compacted cover 
collapsed. Hammer blows were not counted. As observed in the collapse photographs, the 
symmetrical collapse propagated upward. A large block o f compacted soil held together 
in the middle of caviQr and eventually dropped as a unit. With this experiment, it became 
apparent that the friction between the geomembrane at the back o f the tank and the soil 
played a role in holding the soil in place.
The surface breach started as a thin fracture and then grew wider, until a portion of 
the surface finally collapsed. The mode o f collapse in this case could be described as 
localized, with upward caving by distinct block. Distinct, continuous preferential 
pathways for saturated fluid flow and vapor migration formed.
Experiment 5 (yj = 17.1 kN/m’’; w = 4.5 %; no surcharge; 91 hammer blows; Figure 5.8) 
The Yd for Experiment 5 is in the high range, and the w is in the low range.
Preferential breakage occurred along a lift botmdary after 9 blows. This breakage 
extended to isolate a block o f soil after 12 blows. As more ham m er  blows were applied.
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the compacted soil continued to subside slowly. The isolated block o f soil dropped after 
30 blows. The soil continued to subside as more blows were applied. At 91 blows, the 
collapse breached the surface, such that open channels extended from waste to surface.
The collapse resulted in severe localized damage, and the mode of collapse could be 
descritied as localized with upward caving by distinct block followed by consistent 
raveling. Distinct, continuous preferential pathways for saturated fluid flow and vapor 
migration formed.
Experiment 4 (y  ̂= 16.3 kN/m^: w = 4.7 %; steel bails for surcharge; 52 hammer blows; 
Figure 5.9)
The Yd for Experiment 4 is in the medium range, and the w is in the low range.
The collapse geometry in this experiment was symmetrical. Breakage along a lift 
boundary was observed at 30 blows. The cover collapsed at 66 blows, less than in 
Experiment 5, which had slightly higher yd and virtually identical w. This was due likely 
to the fact that Experiment 4 had surcharge while Experiment 5 did not. Also, there was 
no visible distinct block formation in Experiment 4. The reason for this could be the 
difference in compaction density.
The collapse resulted in severe localized damage, and the mode o f collapse in this 
case, could be described as localized, with upward caving by consistent raveling. Distinct, 
continuous preferential pathways for saturated fluid flow and vapor migration formed.
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Experiment 9 (y<i = 16.1 kN/m^; w = 5 3  %; steel balls for surcharge; 400 hammer blows; 
Figure 5.10)
The Yd for Experiment 9 is in the medium range, and the w is in the low range.
With higher compaction water content, the mode o f collapse changed. Lines o f 
fracture formed at 40 blows. At 113 blows, the fractures coalesced to form a parabolic 
collapse surface. From 135 blows onward, a hinge was observed at the upper right side of 
the cover soil blanket, as seen from the front o f the test tank. The end boundary o f the test 
tank is likely responsible for the position of the hinge. A block o f soil formed within the 
cavity area, and finally dropped after 265 blows. At 400 blows, the cover reached the 
collapse condition, meaning that additional hammer blows would not much change the 
soil geometry. There was no preferential failure along lift boundaries as compared to the 
previous experiments. Also, the cavity tended to be filled with loose soil, and some block 
movement was noticed near the bottom.
The collapse resulted in a broad depression, with gradual slumping and a far-field 
hinge. The mode o f collapse in this case was considered broad depression formation with 
multiple sub-parallel fracture features formed. There were less distinct pathways for fluid 
migration, as the surface above the cavity was not breached, but a broad collection basin 
for sinface flows was formed.
Experiment 9 represented a transition from localized collapse to broad depression 
formation.
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Experiment 6 (yj = 14.9 kN/m^; w = 5.6 %; no surcharge; 335 hammer blows; Figure 
5-11)
The Yd for Experiment 6 is in the low range, and the w is in the low range. At 38 
blows, a fracture started to form at the left side o f the cavity. The fracture extended to the 
right side of the cavity at 65 blows. At 79 blows, a  block o f soil formed above the cavity 
area. The cavity tended to be filled with loose soil, and some block movement was 
noticed near the bottom o f the soil wedge. The hammer blows stopped at 336, at which 
point the collapse mode was considered fully developed. A far-fîeld hinge was observed 
at the right side o f the test tank. The surface was not breached above the cavity.
No clear preferential breakage along lift boundaries was observed. Multiple, sub­
parallel sub-vertical fracture surfaces were formed toward the end o f the experiment. The 
collapse resulted in a  broad depression, with gradual slumping and a far field hinge. The 
mode of collapse was considered broad depression formation with multiple sub-parallel 
fractures. There were less distinct pathways for fluid migration, but a broad collection 
basin for surface flows was formed.
Experiment 8 (y<i = 15.5 kN/m’’; w = 5.6 %; no surcharge; 600 hammer blows; Figure 
5.12)
The Yd for Experiment 8 is in the medium range, and the w is in the medium range. At 
blow 39, there was a visible pattern o f breakage along the lift boundaries at a sand 
marker. Block formation was observed at 65 blows. A distinct mode o f collapse was 
observed after 455 blows in the form o f multiple collapse surface emanating fix>m the left
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side o f the test tank. A total o f 600 blows were applied. The hinge formation was 
observed at the right side o f the test tank. The surface was not breached above the cavity.
The mode o f collapse was considered broad depression formation with multiple sub- 
parallel fractures. There were less distinct pathways for fluid migration, but a broad 
collection basin for surface flows was formed.
Experiment 10 (yj = 16.9 kN/m’’; w = 5.8 %; steel balls for surcharge; 600 hammer 
blows; Figure 5.13)
The Yd for Experiment 10 is in the high range, and the w is in the medium range. At 
50 blows, a visible throughgoing fracture formed in the soil above the cavity. The block 
formation was clear at 215 blows. No clear preferential breakage along the lift boundaries 
was observed. No hinge was noticed in this experiment. Since there was not much 
observable change as more force was applied, hitting was stopped at 600 blows. The 
surface was not br^ched above the cavity.
The collapse resulted in a broad depression with gradual slumping. The mode of 
collapse was broad depression formation with multiple sub-parallel fractures. There were 
less distinct pathways for fluid migration, but a broad collection basin for surface flows 
was formed.
Experiment 12 (yd = 16.0 kN/m’’; w = 6 3  %; steel balls for surcharge; 500 hammer 
blows; Figure 5.14)
The Yd for Experiment 12 is in the medium range, and the w is in the medium range.
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At 100 blows, a fracture appeared extending outward from the bottom o f the cover. At 
186 blows, two parallel vertical lines were observed in the center o f the test tank. The fkr- 
freld hinge was formed at 270 blows. No preferential breakage along the lift boundaries 
was observed. The hammer blows stopped at 500. The collapse resulted in a broad 
depression with gradual slumping. The surface was not breached above the cavity. The 
mode of collapse was broad depression formation with multiple sub-parallel fractures. 
There were less distinct pathways for fluid migration, but a broad collection basin for 
surface flows was formed.
Experiment 13 (Yd = 17.0 kN/m'’; w = 6.5 %; steel balls for surcharge; 600 hammer 
blows; Figure 5.15)
The Yd for Experiment 13 is in the high range, and the w is in the range.
At 150 blows, a fracture started to form at the left side o f the bottom of the compacted 
soil cover above the cavity, and propagated outwards to the center of the test tank. The 
fracture surface was not symmetrical, compared to previous experiments. Block 
formation was noticed at 278 blows. The cavity tended to be filled with loose soil, and 
some block movement was noticed near the bottom. There was a breakage along a lift 
boundary at 350 blows. No for field hinge was observed. The hammer blows stopped at 
600. No breach o f surface was observed. The collapse resulted in a broad depression with 
gradual slumping. The mode o f collapse in this case was broad depression formation with 
multiple sub-parallel fractures. There were less distinct pathways for fluid migration, but 
a broad collection basin for surface flows was formed.
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Experiment 15 (yd = 153 kN/m^; w = 6.6 %; steel balls for surcharge; 91 hammer blows; 
Figure 5.16)
The Yd for Experiment 15 is in the medium range, and the w is in the high range.
At 105 blows, multiple sub-parallel fractures had formed on the left side o f the test tank. 
There was some breakage along a lift boundary at 129 blows. The collapse was 
symmetrical after 195 blows, forming a parabolic shape. A very distinct asymmetrical 
hinge was observed after 240 blows on the right-hand side. A fracture propagated at the 
hinge from the top. The hammer blows stopped at 600.
The collapse resulted in a broad depression, with gradual slumping. No breach of 
surface above cavity was observed. The mode o f collapse in this case was broad 
depression formation with multiple sub-parallel fractures. There were less distinct 
pathways for fluid migration, but a broad collection basin for surface flows was formed.
Experiment 7 (yd = 14.6 kN/m^; w = 6.7 %; no surcharge; 475 hammer blows; Figure 
5.17)
The Yd for Experiment 7 is in the low range, and the w is in the high range. Clear, 
symmetrical breakage occurred along a lift botmdary at 75 blows and extended imtil 100 
blows. After 183 blows, multiple sub-parallel fractures started to form and propagate to 
the top o f the compacted cover. A far-freld hinge was observed at 248 blows. There was 
also some block formation by this point. The cavity tended to be filled with loose soil, 
and some block movement was noticed near the bottom and the cavity. Also, the collapse 
surface was pierced directly above cavity. The hammer blows stopped at 475. The surfoce 
was not breached but instead formed a broad depression, with gradual slumping. The
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mode of collapse in this case was broad depression formation with multiple sub-parallel 
fractures. There were less distinct pathways for fluid migration, but a broad collection 
basin for surface flows was formed.
Experiment 14 (yj = 16.6 kN/m"*; w = 7.4 %; steel balls for surcharge; 600 hammer 
blows; Figure 5.18)
The Yd for Experiment 14 is in the high range, and the w is in the high range.
At 160 blows, there was a visible breakage along the lift boundary. It was more 
prominent at 183 blows. After 235 blows, multiple sub-parallel fractures started to form 
and propagate to the top o f the compacted cover. A hinge was observed after 400 blows. 
The hammer blows stopped at 600. The surface was not breached and resulted in a broad 
depression, with gradual slumping. The mode o f collapse in this case was broad 
depression formation with multiple sub-parallel fractures. There were less distinct 
pathways for fluid migration, but a broad collection basin for surface flows was formed.
Experiment 11 (Yd = 15.7 kN/m^; w = 8.4 %; steel balls for surcharge; 600 hammer 
blows; Figure 5.19)
The Yd for Experiment 11 is in the medium range, and the w is in the high range.
A fracture appeared along lift boundaries on the right hand side o f the test tank, but then 
disappeared after 155 blows. This was called an apparent healing effect, and it was not 
observed in previous experiments. A hinge was observed at the right side o f the test tank 
after 565 blows. Hammer blows stopped at 600. The surface was not breached and 
resulted in a broad depression, with gradual slumping. The mode o f collapse in this case
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was broad depression formation with multiple sub-parallel fractures. There were less 
distinct pathways for fluid migration, but a broad collection basin for surface flows was 
formed.
Experiment 0 (yj = 19.2 kN/m^ (estimated); w = 9.0 % (estimated); manual pressure as 
surcharge, hammer blows not recorded; Figure 5.20)
The Yd for Experiment 0 is in the medium range, and the w is in the high range. 
Experiment 0, the second experiment, was compacted to the maximum dry unit weight 
from the modified Proctor T est No verification o f density was done on tfiis test In this 
experiment the cover was flooded before the cavity was formed. The wetting front 
descended evenly across the compacted cover, until it reached the bottom o f the waste 
layer. The time elapsed between the 3 photos showing the compacted cover with cavity 
(Figure 530), was about 4 weeks. By this time, the growth o f organics, which appeared to 
be green fungus, was noticed in many locations o f the compacted cover, especially near 
the bottom. Then the cavity was created by direct vertical pressure applied by hand. The 
hammer was not used to accelerate subsidence. No photographs were taken o f the tank 
after cover collapse. This experiment showed that the compacted cover was able to bridge 
across the cavity underneath in the short term. However, the high moisture content in the 
compacted cover will eventually dry out through evaporatranspiration, and the ambient 
condition will prevail. It is expected that this process, among others, will eventually lead 
to the collapse o f the cover in the long term.
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Relationship between collapse mode and compaction water content
Eight experiments, including experiment U, exhibited the localized collapse mode, 
and eleven experiments exhibited the broad depression formation collapse mode, as 
summarized in Table 5.1 in order o f ascending compaction moisture content All eight 
experiments which demonstrated the localized collapse mode had the reported moisture 
content of 4.7 % or less, whereas the other eleven experiments which demonstrated the 
broad depression formation collapse mode had reported moisture content o f 5.2 % or 
greater.
This implies that a landfill cover compacted at a low moisture content (less than 5 %) 
would collapse in localized manner. In an arid environment, the moisture content of the 
cover will decrease over time. Therefore, the compaction moisture content will not be the 
same as the moisture content at failure. Hence, one might conclude that the mode of 
collapse to expect in arid landfill covers would be localized. However, this study does not 
address the effects of time; i.e., the difference in behavior o f a cover compacted dry with 
respect to the more realistic scenario of a cover compacted moist and then allowed to dry.
Relationship between collapse mode and compaction dry density
All seven experiments which showed localized collapse were in the medium to high 
density zone, except experiment U with very low density; whereas the broad depression 
formation collapse mode occurred in soils in all three density ranges. The tendency for 
breakage along lift: boundaries appeared in all density ranges. In Experiment 17, breakage 
along lift boundaries is less pronounced than in Experiment 3 which had similar 
compaction moisture content, even though both experiments demonstrated the same
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collapse mode. This difference may be due to the diSerence in compaction density. 
Density plays an important role in terms o f size of the void spaces in which soil-water 
interaction occurs, as well as the integrity o f the compacted soil as a whole. The tendency 
for soil to move in blocks appeared to be more predominant in medium to high density 
soils. The tendency for a far-field hinge to form appeared to be predominant in low and 
medium density soils. Thus, there is no clear correlation between collapse mode and 
compaction dry density. Any effect may be obscured by the obvious effects o f changes in 
moisture content.
Collapse feature geometry
As the waste subsides, in the short term, the cover may respond in one o f two ways. It 
may bridge across depressions, or it may stretch and conform to the distorted waste 
surface. If a brittle cover is unable to bridge depressions, it will break, possibly resulting 
in catastrophic failure. Bridging o f the collapsed waste is not desirable in a monofill soil 
cover because it is unrealistic to expect that the bridge will be stable over the long lift of 
the cover. The bridging action would only prolong the cover collapse, possibly until the 
institutional control period has elapsed, where maintenance is not an option. Also, 
temporary bridging would encourage an eventual collapse mode o f sharp “breakage”, 
which creates distinct flow pathways, as opposed the formation o f a compliant, broad 
basin.
Localized Collapse
In experiments 17, 3, 1, 16, 2, 5, and 4, distinct collapse features appeared in the 
middle section o f the cover surface, which led to the “waste” being directly exposed to
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the environment. These covers showed collapse surface angles between 38 and 61 
degrees from horizontal on the left side, and 28 to 48 degrees on the right side o f the test 
tank. The asymmetry is probably due to the asymmetry o f the collapse cylinders in the 
tank (Fig. 3.1) and also the sledge hammer hitting the tank on its left-hand side. With the 
surface breached and open channels extending from waste to surface, this would 
encourage the infiltration o f flood water into the waste zone. Leachate might continue to 
travel downward to the groundwater table, and eventually pose a threat to humans. 
Furthermore, the open channels in the landfill cover could eventually also release gases 
fiom the radioactive waste into the enviromnent, where humans could be directly 
exposed.
The orientations o f the failure planes in the cover can be compared to those that 
would be expected under closely controlled conditions. The maximum principal stress 
acting on the soil cover in the test tank is horizontal, due to the loading by sledge 
hammer, stresses “locked” in by compaction, and lack o f confinement o f the compacted 
soil on top and bottom. The direct shear laboratory test yielded an average value o f 32 
degrees. In controlled laboratory conditions, one would expect to see a failure plane 
oriented (45-<(i/2) degrees with respect to the direction of the maximum principal stress. 
This corresponds to 29 degrees from horizontal in the test tank. The fact that breakage 
surfaces in the tank were much steeper than this (Table 5.1) can be explained by (1) 
gravitational effects and (2) temporary increased shear strength provided by matric 
suction.
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Broad depression formation
The broad depression formation collapse mode features gradual slumping and 
multiple sub-parallel, sub-vertical fractures traversing the compacted cover, resulting in 
fewer distinct pathways, but in a broad collection basin for surface flows. This collapse 
mode was observed for all experiments with moisture content greater than 5 %. 
Experiments 9, 10, 12, IS, 7, 14 and 11 showed planes o f symmetry along the central 
vertical axis o f the tank.
In the broad depression formation collapse mode, the cavity tended to fill gradually 
with loose soil. This implies that bulking o f the soil as it is disturbed might contribute 
support to lessen surface subsidence. One unique distinction of the broad depression 
formation collapse mode was observed in Experiment 8 and 13 (Figure 5.11 and 5.14. 
respectively). These two cover collapses show patterns o f breakage along the lift 
boundaries. This might imply that the horizontal flow paths for fluid are presented, which 
might be advantageous through reduction o f downward fluid flow. The self-healing 
process is observed in Experiment 11, where there was a visible fracture along the lift 
boundary at 130 blows, and then it disappeared at 155 blows. This also suggests another 
beneficial advantage of broad depression collapse over localized collapse mode.
Effect o f Matric Suction
For compacted soil, the potential for volume change upon collapse tends to increase 
as the degree o f saturation and dry density (fecrease (Miller et al., 1997). The effect o f 
moisture content is clearly shown in Table 5.1, where the depth o f surface subsidence is 
greater for soil compacted at lower moisture content than higher moisture content. The
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depth o f subsidence is measured as the difference in elevation between the top o f the 
cover before and after subsidence, measured to the lowest horizontal surface. No clear 
relationship is shown between depth o f subsidence and compaction density.
In the experiments, as compaction water content was increased, the numbers o f blows 
(i.e., total force) required to cause collapse also increased tremendously. This implies that 
the shear strength o f the soil is increasing with increased compaction water content. This 
can be attributed to interconnected water in the voids between the soil particles binding 
the soil-water system together, forming a more stable and stronger unit. Note that ail 
experiments were performed at w near or below optimum. We must keep in mind that the 
added strength provided by soil moisture is not reliable for design because the compacted 
cover will eventually dry to near-ambient levels.
For unsaturated soil, the matric suction will retard the soil collapse through its 
contribution to effective stress. In an arid climate, however, the equilibrium state o f the 
soil in landfill covers will be quite dry; possibly too dry to realize gains in effective stress 
imparted by unsaturated conditions due to loss o f inter-connectivity o f pore fluid.
When the landfill cover is compacted at a  moisture content greater than S %, as 
illustrated in Table 5.1, the collapse mode is classified as broad depression formation. As 
the compaction water content is increased, a more compliant surface is obtained, thereby 
decreasing the potential for high-volume saturated flow along preferential pathways, and 
resulting in a more broadly distributed collapse region.
Energy Required to Fail Cover
Horizontal and vertical loads required to collapse the cover in each experiment were
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shown in the previous chapter. The amount o f forces required causing the collapse in 
broad depression collapse mode is greater than localized collapse mode. The most 
obvious correlation is that as the compaction moisture content increases, the load required 
to fail the cover also increases. Therefore, greater energy and more time are required to 
cause collapse in the broad depression formation collapse mode than in localized collapse 
mode. There is no general trend between the compaction density and the loads required to 
fail the cover.
Limitations and Sources o f Error 
Limitations o f the Experiments
Below are several key limitations this of study. These are important concepts for 
future researchers, but should also be kept in mind when considering the conclusions of 
this study.
• In most o f the experiments with high moisture contents, where at least 600 
hammer blows were applied, such as experiment 8, 10 and 13, the surface of the 
gravel used to simulate the waste eventually flattened out, causing the cover to 
lose support over a greater length and thus favoring a broad collapse geometry. In 
future experiments, the simulated waste should be more rigid. This could pose a 
difference in terms of the number o f hammer blows required to cause collapse; 
however, it is not expected to change the eventual collapse mode.
•  The geometry o f the test tank encourages the formation of distinct hinge features. 
The hinges are artifacts o f artificial boundaries. The fact that the hinge always 
occurs on the right side o f the test tank has to do with the location o f the hammer
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blows and the geometry o f the collapse cylinders with respect to the tank. If the 
test tank were larger, the hinge would occur farther away or possibly not at all. 
However, the presence o f a hinge in the tank is sufficient to show that the broad 
depression formation collapse mode governs.
•  Throughout this research experiment, the target soil, which is the native soil firom 
the Area 5 or Area 3 RWMS of the NTS was not used. Although the test soil has 
some similar mechanical and geological properties to the Area S target soil, its 
compaction properties differed significantly (Figure 23).
• Boundary conditions such as friction at the front, back, and ends o f the test tank 
play important roles in the performance o f the compacted cover model. 
Compaction of the soil near the edges is difficult This problem does not exist in 
the field, where it should be easier to achieve uniform density throughout the 
cover. Coefficients o f friction are undoubtedly different between the soil and the 
geomembrane at the back o f the test tank, the soil, and the polycarbonate sheet at 
the front o f test tank, and the soil and the aluminum along the sides o f the test 
tank. These differences likely promoted stick-slip behavior that is not 
representative o f field conditions.
• Diffrculty in comparing results between experiments was exacerbated in some 
cases by inconsistencies in test conditions, such as the inconsistent use of 
surcharge.
•  It is important to note that phenomena such as cementation, enhanced interlocking 
of soil grains and other consequences o f time will play important roles but were 
not explored in this study. In reality, the landfill covers will likely remain in place
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for hundreds o f years before they collapse, so these effects o f aging might be 
significant.
•  The time required for the moisture content o f the compacted cover to reach 
equilibrium with respect to climatic conditions is not considered in this project.
•  Effects of plant and animal life were not addressed in this research. These effects 
are expected to be primarily beneficial, with regard to erosion prevention and 
evapotranspiraiton.
• Scale effects might be important The test tank is small, with a thin compacted 
cover. Also, we have represented a three-dimensional phenomenon with a two- 
dimensional model.
Potential Sources o f Error
Listed below are several opportunities for error that arose during this bench-scale 
modeling study.
• Cleaning o f geomembrane, aluminum and polycarbonate
Before the start o f each experiment, the test tank was cleaned and polished. 
Cleaning of geomembrane, aluminum and polycarbonate, affected the visibility 
through the viewing window, and friction developed between the soil and the box. 
The effects of wear over time are not thought to be significant.
•  Mixing ofsoil and water for each lift
The mixing o f soil and water for each lift o f compacted cover is slightly different 
for every lift due to human error. The determination o f ya by gross weight o f the 
test tank helps account for this potential error.
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• Noa-unifonn distributîoa o f ham m e r blows across lifts during compaction 
Although the soil was compacted as carefully as possible, the action o f the 
hammer blows across the lift is another source o f inconsistency, resulting in 
differences in compaction levels.
• Modified sand cone test
The modified sand cone test apparatus has its limitations, such as the assumed 
density o f the sand used to fill in the excavated hole. The operator has to call on 
personal judgment as to when to stop filling the device, since a slight shake of the 
pipette would change the volume of sand used in the final calculation o f the sand 
cone test. This potential error is significant because the soil sample used for 
calculating density is small, and thus small changes in volume o f sand will greatly 
affect the density. Also, the test is always performed on top o f the finished cover, 
therefore, possible variations with depth are not explored.
•  Scale accuracy
The scale that is used to determine the dry unit weight o f the final compacted 
cover o f the test tank has an accuracy o f 0.05 kg. Since this amount is about 0.1 % 
o f the total weight o f the soil and the tank, this error is not significanL
• Evaluating energy required to collapse cover by counting hammer blows
Sledge hammer hits on the end o f the test tank were not consistent, due to 
misalignment in the swing. This resulted in substantial differences in horizontal 
forces applied per blow. However, blow counts required to collapse the covers 
varied widely between experiments, so this error does not appear to be 
consequentiaL
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la  summary, although the many sources o f potential error likely affected the accuracy 
o f the experimental results, the effects are not thought to be sufficient to invalidate the 
results and conclusions.
Repeatability
Experiment 17 was runs as a repeatability test for Experiment 16. Figures 52 and 5.5 
illustrate the experimental results for these two tests. From Table 5.1, the reported dry 
unit weight for Experiment 16 was 16.6 kN/m^, and the reported dry unit weight for 
Experiment 17 was 16.9 kN/m^. The difference is about 2 %. The moisture content for 
Experiment 16 was 3.4 %, and 2.8 % for Experiment 17. The difference between these 
two is 17 %. The two experiments showed similar collapse characteristics. Both 
experiments were classified as resulting in severe localized damage, and the mode of 
collapse was described as localized with upward caving by consistent raveling. Also, in 
both cases distinct, continuous preferential pathways for saturated fluid flow and vapor 
migration formed. No obvious differences in response were noticed.
Therefore, we see that although it is difGcult to precisely match target compaction 
critieria in the test tank, we are confident that we can adequately specify compaction 
critieria for landfill covers to ensure that the favorable collapse mechanism wül prevail.
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Table 5.1 Summary of Experim ent Param eters and Results
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Test
No.
Reported
Water
Content
(%)
Reported 
Dry Unit 
Weight 
(kN/m )̂
Device! s) 
Used to 
Apply 
Surcharge
Device(s) 
Used to 
Apply 
Lateral 
Load
Number
of
hammer
blows
Collapse
Mode
Slope of 
Collapse 
Surfaces 
(leA/right 
sides, with 
respect to 
the 
horizontal 
(degrees)
Depth
Of
Surface
Subsidence
(cm)
U 2.2 10.2 None None 0 Localized
Collapse
75/50 8.56
17 2.8 16.9 None Sledge
Hammer
67 Localized
Collapse
4228 6.35
3 33 152 Steel Balls Sledge
Hammer
34 Localized
Collapse
56/46 3.49
I 33 15.4 None Mallet Not
Counted
Localized
Collapse
55/45 Not
Measured
16 3.4 16.6 None Sledge
Hammer
99 Localized
Collapse
3824 6.03
2 3.4 17.3 Steel Bails 
And 
Steel Bar
Mallet Not
Counted
Localized
Collapse
50/48 5.40
5 4.5 17.1 None Sledge
Hammer
91 Localized
Collapse
42/30 3.18
4 4.7 16J Steel Balls Sledge
Hammer
52 Localized
Collapse
61/47 3.18
9 5.2 16.1 Steel Balls Sledge
Hammer
400 Broad
Depression
Formation
5229 3.18
6 5.6 14.9 None Sledge
Hammer
335 Broad
Depression
Formation
4020 3.18
8 5.6 15.5 None Sledge
Hammer
600 Broad
Depression
Formation
52/40 3.49
10 5.8 16.9 Steel Bails Sledge
Hammer
600 Broad
Depression
Formation
4628 0.95
12 6 3 16.0 Steel Balls Sledge
Hammer
500 Broad
Depression
Formation
4829 •> '> '>
13 6.5 17.0 Steel Balls Sledge
Hammer
600 Broad
Depression
Formation
40/58 254
15 6.6 15J Steel Balls Sledge
Hammer
91 Broad
Depression
Formation
5526 - )  to
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Test
No.
Reported
Water
Content
(%)
Reported 
Dry Unit 
Weight 
(kN/m))
Device(s) 
Used to 
Apply 
Surcharge
Devicefs) 
Used to 
Apply 
Lierai 
Load
Number
of
hammer
blows
Collapse
Mode
Slope of 
Collapse 
Sur&ces 
(left/right 
sides, with 
respect to 
the 
horizontal 
(degrees)
Depth of 
Sur&ce 
Subsidence 
(cm)
7 6.7 14.6 None Sledge
Hammer
475 Broad
Depression
Formation
50/25 224
14 7.4 16.6 Sleel Balls Sledge
Hammer
600 Broad
Depression
Formation
53/36 224
tl 8.4 15.7 Steel Balls Sledge
Hammer
600 Broad
Depression
Formation
5625 0.95
0 9.0 19.2 Manual
Pressure
None 0 Broad
Depression
Formation
N/A N/A
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19
18
î ”
# 16
c
3
^  15 
O
14
13
Gross Weigh t 
Weighted Average
0 1 2 3 4 5 6 7 S 9 10 11 12 13 14 15 16 17 18
Test Number
Figure 5.1 Dry Unit Weight Measurements
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Figure 5J. Experiment U (yd = 102 kN/m^, w = 22%  (est))
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0 blow 8 blows 16 blows
24 blows 32 blows 37 blows
45 blows 49 blows 58 blows
63 blows 66 blows 67 blows
Figure 53 Experiment 17 (yj = 16.9 kN/m^, w = 2.8%)
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0 blow 9 blows 14 blows
17 blows 22 blows 29 blows
32 blows 34 blows
Figure 5.4 Experiment 3 (yd = 152 kN/m^, w = 33% )
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Figure 5.5 Experiment I (yj = 15.4 kN/m^, w = 33  %)
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0 blow 10 blows 14 blows
16 blows 17 blows 20 blows
28 blows 35 blows 40 blows
45 blows 47 blows 49 blows
Figure 5.6 Experiment 16 (yd = 16.6 kN/m^, w = 3.4%)
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Using Dynamic Shaker Plastic Mallet
Figure 5.7 Experiment 2 (yd = 173 kN/m , w = 3.4%)
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0 blow 6 blows 9 blows
12 blows 24 blows 30 blows
39 blows 48 blows 57 blows
69 blows 81 blows 91 blows
Figure 5.8 Experiment 5 (yd = 17.1 kN/m^, w = 43% )
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H
0 blow 9 blows 19 blows
21 blows 27 blows 30 blows
33 blows 42 blows 48 blows
51 blows 63 blows 66 blows
Figure 5.9 Experiment 4 (yd = 163 kN/rn^, w = 4.7%)
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0 blow 32 blows 40 blows
50 blows 73 blows 113 blows
135 blows 190 blows 265 blows
275 blows 335 blows 400 blows
Figure 5.10 Experiment 9 (yd = 16.1 kN /m \ w = 52% )
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0 blow 38 blows 54 blows
■
65 blows 79 blows 95 blows
105 blows 125 blows 136 blows
186 blows 200 blows 336 blows
Figure 5.11 Experiment 6 (ya = 14.9 kN/rn^, w  = 5.6%)
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0 blow 39 blows 65 blows
■
85 blows 100 blows 115 blows
246 blows 290 blows 385 blows
455 blows 550 blows 600 blows
Figure 5.12 Experiment 8 (yd = 153 kN/m^, w = 5.6%)
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0 blow 50 blows 70 blows
110 blows 140 blows 215 blows
250 blows 390 blows 450 blows
490 blows 529 blows 600 blows
Figure 5.13 Experiment 10 (ya = 16.9 kN/m \ w = 5.8%)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
0 blow 34 blows 67 blows
75 blows 100 blows 135 blows
186 blows 270 blows 330 blows
400 blows 488 blows 500 blows
Figure 5.14 Experiment 12 (ya = 16.0 kN/m \ w = 62% )
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0 blows 75 blows 129 blows
150 blows 185 blows 201 blows
278 blows 350 blows 350 blows
425 blows 525 blows 600 blows
Figure 5.15 Experiment 13 (ya = 17.0 kN/m^, w = 6.5%)
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0 blow 79 blows 105 blows
129 blows 165 blows 195 blows
240 blows 290 blows 380 blows
460 blows 565 blows 600 blows
Figure 5.16 Experiment 15 (ya = 153 kN/m^, w = 6.6%)
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0 blow 65 blows 75 blows
85 blows 100 blows 183 blows
■ m i
H
225 blows 248 blows 265 blows
341 blows 352 blows 475 blows
Figure 5.17 Experiment 7 (ya = 14.6 kN/m^, w  = 6.7%)
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0 blow 91 blows 105 blows
140 blows 160 blows 183 blows
235 blows 274 blows 360 blows
400 blows 500 blows 600 blows
Figure 5.18 Experiment 14 (ya = 16.6 kN/m^, w = 7.4%)
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0 blow 80 blows 91 blows
110 blows 130 blows 155 blows
255 blows 320 blows 415 blows
500 blows 565 blows
Figure 5.19 Experiment 11 (ya = 15.7 kN /m \ w  = 8.4%)
600 blows
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Figure 520 Experiment 0 (ya = 192 kN/m^, w = 9.0%)These Photos Taken Over a Period 
o f Four Weeks, Durmg Which no Attempt was Made to Accelerate 
Subsidence
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS 
This chapter consists o f conclusions that have been drawn from the experimental results 
o f this subsidence study and recommendations for future researchers. The conclusions 
and recommendations pertain specifically to the low-level radioactive waste landfills of 
the Nevada Test Site, and more broadly to any landfill situated in an arid climate.
Conclusions
This research project is premised on the assumption that for a long-lived waste with a 
large potential for differential subsidence, cover collapse will occur eventually. Therefore, 
it is preferable for the subsidence event to occur early, while institutional control o f the 
site remains in force. If natural processes prevail, waste decay will not happen during the 
institutional control period; therefore, cover subsidence cannot happen during this period. 
Thus, the best solution is the one that will work best with no human intervention after 
initial construction. Based on that assumption, the favorable collapse mechanism is the 
formation o f a broad depression, with gradual slumping and multiple sub-parallel 
fiactures forming through the compacted cover, resulting in no direct exposure of the 
waste and fewer distinct pathways for gas and liquid transport, but forming a broad 
collection basin for surface flows. The advantage o f this mode is that it performs best
107
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under a no-maintenance scenario. Further, this collapse mode appears to favor breakage 
along lift boundaries, which might divert fluid flow laterally. Experimental results also 
showed that this mode might lend itself to self-healing during collapse.
To promote the preferred collapse mode in the compacted cover, the recommended 
design parameters based on this research are as follows:
• The moisture content used for compaction should be in the range o f 5 to 8 
percent by weight, or 1 to 4 % dry o f optimum. This is closer to the 
equilibrium moisture content the cover will eventually achieve, without being 
so low as to encourage an unfavorable collapse mode. This recommendation is 
contrary to that which is appropriate for landfill covers that are expected to 
perform under conditions o f near-complete saturation.
• A side effect o f following the recommended compaction moisture content is 
the likelihood that a great deal o f time will pass before the unsupported cover 
eventually collapses. However, as discussed in the thesis, this is not 
necessarily an advantage. Further, the experiment may have been too 
simplistic to validate this hypothesis.
•  There is no obvious correlation between collapse modes and design density. 
Density is not a very significant parameter causing a particular collapse mode 
to prevail. Based on a very limited sample size, the design density for 
compaction should be at least 15 kN/m"*, which corresponds to approximately 
80 % o f Ydjnax» according to Modified E*roctor TesL This limit is chosen 
because all three experiments conducted at densities below this level 
demonstrated sudden collapse mode.
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The operational closure cover for the U3ax/bl unit at the Area 3 RMWS on the NTS 
was installed in 1987 with a dry density of 15.3 kN/m^ and a moisture content o f 7.8 % 
(Dixon, 1999). This density is 87 % o f Ydjnax according to the modified Proctor test and 
the moisture contents is about 1 % dry o f Wopc. The moisture content falls within the range 
recommended in this study. The final monolayer vegetative cover, completed in 2001, 
consisted of the 2.5 to 3.0 meter-thick operational cover which had been constructed over 
the U3ax/bl waste unit in 1987, and in additional 03-m eter thick layer of native soil 
which was intended to form a moisture removal layer by the incorporation o f native 
plants (U.S. DOE, 2001a). This final installation o f cover soil was performed to Yd = 
using 80 % o f Ydjnax according to the modified Proctor test (15 kN/mO, and the moisture 
content was approximately 4 to 6 % dry o f Wopt (U.S. DOE. 2001a). These design 
parameters also fit into our design recommendation.
Key Limitation o f the Research
In this research experiment, we have demonstrated that bench-scale modeling of 
landfill covers for arid regions is effective in design for certain parameters, such as 
moisture content and compaction density. We note, however, that the properties o f the 
landfill covers will likely change with time, especially in terms o f moisture content, 
density, formation o f fissures and other macro-features, and interlocking and cementation. 
Erosion and vegetation will also play important roles. In this study, we did not consider 
aging, except in accelerating loading to induce cover collapse.
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Recommendations for Future Research
FoUow-on bench scale research should be conducted with full consideration o f the 
limitations and potential error sources enumerated in Chapter S. One simple and 
potentially meaningful extension to the research described in this study is to repeat the 
testing after allowing the compacted cover to dry first. Now that the bench-scale 
experimental methods have been developed, parametric studies to evaluate effects of 
factors such as cementation, soil gradation, and soil amendments can be readily 
undertaken.
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APPENDIX A
TEST SOIL DESCRIPTION AND DIRECT SHEAR TEST DATA
Table A. I Grain Size Analysis for Test Soil
Sieve
Particle Diameter 
(mm)
Percent o f  Mass 
Retained Cumulative % Passing
1 in. 25.40 320 96.8
%in. 19.15 3.59 9 3 2
3/8 in. 9J3 12.80 80.4
No. 4 4.75 10.60 69.8
No. to 2.00 9.80 59.6
No. 40 0.43 15.50 44.5
No. 60 0 2 5 10.70 33.9
No. 100 0.15 17.70 162
No. 200 0.08 11.60 4.61
Pan 4.61
Table A 2 Grain SiVe Analysis for Soil from Area 5 (This Study)
Sieve
Particle Diameter 
(mm)
Percent o f  Mass 
Retained Cumulative % Passing
No. 4 4.75 15.7 842
No. 10 2.00 152 69.1
No. 40 0.43 27.8 412
No. 60 0 25 16.6 24.7
No. 100 0.15 14.9 9.80
N o.200 0.08 728 2 22
Pan 2 2 2
111
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Table A.3 Grain Size Analysis for Soil from Area 5 (Lee. 1996)
112
Sieve Particle
Diameter
(nun)
Sample I 
Cumulative 
% Passing
Sample 2 
Cumulative 
% Passing
Sample 3 
Cumulative 
% Passing
Sample 4 
Cumulative % 
Passing
I in. 25.40 98.0 92.0 95.0 96.0
%in. 19.10 97.0 90.0 94.0 96.0
3/8 in. 9.53 85.0 74.0 78.0 82.0
No. 4 4.75 74.0 57.0 63.0 67.0
No. 10 2.00 64.0 45.0 46.0 54.0
No. 40 0.43 52.0 32.0 36.0 41.0
No. 200 0.08 19.0 13.0 15.0 18.0
Pan
Table A.4 Grain Size Analysis for Soil from Area 3 (Davis. 1999)
Sieve
Particle Diameter 
(mm)
Percent o f  Mass 
Retained Cumulative % Passing
%in. 19.1 0 100
No.4 4.75 2J8 97.6
No. 10 2.00 5.73 94J
No.40 0.425 17 j 82.5
No.80 0.18 41.6 58.4
No. 100 0.15 47.9 52.1
No.200 0.08 67.4 32.6
Pan 100 0
Table A.5 Hydrometer Analysis for Test Soil
Diameter (mm) % Finer
0.05 3.80
0.05 2.90
0.03 1.50
0.01 02 0
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Table A.6 Specific Gravity o f Soil Solid (Gc) For Test Soil
113
Test No. 1 2
Volume o f  flask at 20®C SOO ml 500 ml
Method o f  air removal Vacuum Vacuum
Mass o f flask + water + 
soil = Mbw, (g)
843 845
Temperature, Degrees 
Centigrade
23.0 23.0
Mass o f  flask + water = 
Mb»r
745 745
Mass o f  dish + dry soil 406 406
Mass o f  dish 248 245
Mass o f  dry soil = M, 157 161
Mw = M, + Mbw - Myw, 59.1 60.8
Temperature correction, 
degrees Kelvin
0.9993 0.9993
G,= K * M , /M « 2.66 2.64
Table A.7 Standard Proctor Test Results o f Area 5 Soil (This Study)
Water Content (%) [)ry Unit Weight (kN/m^
722 17.0
820 172
9.60 18.1
102 18.4
112 17.9
12.6 17.5
Table A .8 M odified Proctor Test Results o f Test Soil
Water Content (%) Dry Unit Weight (kN/m"'3)
42 7 18.8
6.04 18.8
7.93 19.0
9.49 192
112 19.1
12.4 18.9
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Table A.9 Modified Proctor Test Results for Area 5 Soil (This Study)
Water Content (%) Dry Unit Weight (kN/m^)
720 16.7
9.16 16.8
11.6 172
13.7 172
142 16.9
Table A.10 Modified Proctor Test Results for Area 5 Soil (Golden 1997)
Water Content (%) Dry Unit Weight (kN/m^)
8.90 17.0
10.4 172
13.0 16.8
14.7 16.8
Table A.11 Modified Proctor Test Results o f Area 5 Soil (Dayis. 1999)
Water Content (%) Dry Unit Weight (kN/m^
725 162
925 17.0
10.9 16.6
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Table A. 12 Direct Shear Test Results for Test Soil: Sub-Ambient Condition =13.4
kN/mh
Normal toad = 8 kg
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear Force (N)
0 0.00 0.00 16.07
5 0.03 -0.03 36.92
10 0.15 -0.10 43.87
15 0.30 -0.15 4526
20 0.48 -0.15 49.43
25 0.64 -0.18 50.82
30 0.81 -0.18 54.99
35 0.97 -020 5629
40 1.14 -020 5629
50 1.47 -025 57.78
60 1.83 -025 59.17
70 2.11 -025 6026
80 2.46 -025 64.73
90 2.84 -028 64.73
100 3.15 -028 68.90
110 3.48 -028 68.90
120 3.81 -028 6721
130 4.14 -028 68.90
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear force (N)
0 0.00 0 16.07
5 0.03 0 71.68
10 0.08 0 12024
15 0.15 0 155.10
20 0.41 0 252.42
25 0 2 8 0 257.98
30 0.74 0 252.42
35 0.89 0 25927
40 1.09 0 245.47
50 1.45 0 252-42
60 1.80 0 24120
70 2.13 0 24825
80 2.44 0 25629
90 2.82 0 246.86
100 3.15 0 24825
Continued on Next Page
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Table A. 12, Continued 
Normal Load = 32 kg
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear Force (N)
0 0.00 0 16.07
5 0.03 0 71.68
10 0.08 0 12024
15 0.15 0 155.10
20 0.41 0 252.42
25 0 2 8 0 257.98
30 0.74 0 252.42
35 0.89 0 25927
40 1.09 0 245.47
50 1.45 0 252.42
60 1.80 0 24120
70 2.13 0 24825
80 2.44 0 25629
90 2.82 0 246.86
too 3.15 0 24825
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Table A.13 Direct Shear Test Results for Test Soil: Intermediate Condition =  15.6
kN/mh
Normal load = 8 kg
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear Force (N)
0 0.00 0.00 16.07
5 0.03 -0.03 32.75
10 0.18 -0.03 41.09
15 023 -0.08 3821
20 023 -0.10 3821
25 0.71 -0.15 39.70
30 0.91 -0.18 42.48
35 1.07 -020 42.48
40 122 -023 43.87
50 125 -023 48.04
60 1.91 -028 50.82
70 22 4 -028 50.82
80 229 -0.30 5221
90 2.92 -0.33 53.60
100 325 -023 53.60
110 326 -026 5629
120 3.89 -026 5629
130 4.19 -026 57.78
140 4 2 7 -028 5629
150 4.90 -028 5629
160 5 26 -0.41 5629
170 5.61 -0.43 64.73
180 5.92 -0.43 67.51
190 6 2 7 -0.48 6324
200 6.60 -0.48 6324
210 6.96 -0.48 64.73
220 7 27 -0.48 64.73
Continued on Next Page
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Table A.13, Continued
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Normal load = 16 kg
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear Force (N)
0 0.05 0.00 6721
5 025 -0.03 7724
10 0.41 -0.05 80.02
15 028 -0.08 84.19
20 0.71 -0.10 86.97
25 0.89 -0.13 91.14
30 1.07 -0.15 89.75
35 124 -0.18 89.75
40 1.52 -020 98.09
50 1.91 -023 10227
60 221 -025 106.44
70 227 -025 105.05
80 2.92 -028 110.61
90 323 -028 10922
100 326 -0.30 112.00
110 3.94 -020 112.00
120 4 2 7 -023 112.00
130 4.57 -0.33 112.00
140 4.83 -023 118.95
150 523 -026 11726
160 5.56 -0.41 131.46
170 5.89 -0.43 12729
180 6 2 7 -0.43 12729
190 6.60 -0.46 131.46
200 6.99 -0.46 128.68
210 724 -0.46 12729
220 7.65 -0.48 128.68
230 8.00 -0.48 130.07
240 826 -0.48 128.68
250 8.71 -021 130.07
Continued on Next Page
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Table A.13, Continued
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Normal load = 32 kg
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear Force (N)
0 0.00 0.00 16.07
5 0.03 0.00 78.63
10 0.10 0.00 131.46
15 0 20 -0.03 160.66
20 038 -0.03 160.66
25 021 -0.03 163.44
30 0.66 -0.03 171.78
35 0.81 0.00 178.73
40 0.99 0.00 185.68
50 130 0.00 199.59
60 1.60 0.00 25520
70 1.93 0.00 224.61
80 2.03 -0.03 235.73
90 2 2 4 -0.03 24130
100 2.84 -0.03 24825
110 320 -0.05 249.64
120 323 -0.05 24825
130 3.84 -0.08 253.81
140 4 2 2 -0.08 253.81
150 4 2 7 -0.10 253.81
160 4.90 -0.10 252.42
170 523 -0.10 252.42
180 526 -0.13 253.81
190 5.84 -0.13 253.81
200 622 -0.13 252.42
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Table A. 14 Direct Shear Test Results for Test Soil: 90 % of va mavAccording
to Modified Proctor Test = 1 7 3  kN/mh
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear Force (N)
0 0.00 0.00 16.07
5 020 0.03 34.14
10 028 0.03 32.75
15 0.53 0.03 34.14
20 0.71 0.03 3523
25 0.89 0.03 3821
30 1.04 0.03 39.70
35 122 0.00 41.09
40 1.40 0.00 42.48
50 1.75 0.00 41.09
60 2.11 0.00 42.48
70 2.41 0.00 42.48
80 2.74 0.00 41.09
90 3.07 -0.03 42.48
too 3.40 -0.03 39.70
n o 3.76 -0.03 41.09
120 4.06 -0.03 41.09
130 4.45 -0.05 42.48
140 4.72 -0.05 42.48
150 5.11 -0.05 42.48
160 5.44 -0.08 43.87
170 5.84 -0.18 4526
180 6.17 -0.18 48.04
190 628 -020 49.43
200 6.88 -020 49.43
210 721 -023 48.04
220 72 7 -023 49.43
230 7.87 -023 48.04
240 820 -025 49.43
250 821 -025 46.65
260 8.89 -025 49.43
Continued on Next Page
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Table A. 14, Continued
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Normal load = 16 kg
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear force (N)
0 0.00 0.00 16.07
5 0.05 0.00 59.17
10 0.15 0.00 84.19
15 028 0.00 81.41
20 0.48 0.00 8528
25 0.64 -0.03 8528
30 0.79 -0.03 8826
35 0.99 -0.03 89.75
40 1.14 -0.03 8826
50 1.47 -0.03 91.14
60 1.83 -0.03 92.53
70 2.13 -0.05 98.09
80 2.49 -0.05 100.88
90 2.79 -0.05 100.88
100 3.15 -0.05 100.88
110 3.45 -0.05 106.44
120 3.84 -0.05 106.44
130 4.14 -0.05 106.44
140 4.50 -0.05 10922
150 4.85 -0.05 112.00
160 5.13 -0.08 10922
170 5.49 -0.18 12024
180 5.82 -020 12729
190 622 -020 121.73
200 623 -023 128.68
210 6.88 -025 137.02
220 724 -025 13424
230 724 -028 13424
240 7.87 -028 135.63
250 8.18 -028 135.63
260 821 -028 135.63
270 8.86 -028 138.41
280 9 22 -028 139.80
290 923 -028 141.19
300 9.91 -028 14228
310 1024 -028 14228
320 1027 -028 14228
Continaed on Next Page
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Table A. 14, Continued 
Normal load = 32 kg
Time (sec) Horizontal Displacement (mm) Vertical Displacement (mm) Shear Force (N)
0 0.00 0.00 16.07
5 0.03 0.00 49.43
10 0.08 0.00 110.61
15 0.15 0.00 139.80
20 020 -0.03 150.93
25 021 -0.05 14228
30 0.69 -0.08 14526
35 0.84 -0.08 14924
40 1.02 -0.10 14924
50 1.35 -0.10 155.10
60 1.68 -0.10 162.05
70 2.01 -0.10 162.05
SO 226 -0.10 169.00
90 2.67 -0.10 169.00
100 3.00 -0.10 167.61
110 325 -0.13 17029
120 3.68 -0.13 17029
130 3.99 -0.13 169.00
140 4 2 4 -0.13 169.00
150 4.65 -0.13 173.17
160 5.05 -0.13 17724
170 526 -0.13 173.17
180 5.72 -0.15 17724
190 6.05 -020 189.85
200 625 -025 200.98
210 6.73 -028 20922
220 7.09 -028 210.71
230 7.42 -020 210.71
240 7.77 -020 212.10
250 8.13 -020 213.49
260 8.43 -020 214.88
270 8.76 -023 21627
280 9.14 -023 221.83
290 9.45 -023 220.44
300 9.73 -023 22322
310 10.11 -023 224.61
320 1022 -023 226.00
330 10.77 -023 226.00
340 11.13 -023 230.17
350 11.46 -023 226.00
360 11.79 -023 23424
370 12.14 -023 23424
380 12.45 -023 23126
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Table A.IS ASTM STANDARD Used in This Study
ASTM D 1557-91 Test Method for Laboratory Compaction 
Characteristics of Soil Using Modified 
Effort
ASTM D 6 98-91 Test Method for Laboratory Compaction 
Characteristics o f Soil Using Standard 
Effort
ASTMD 1556-90 Standard Test Method for Density and Unit 
Weight o f Soil in Place by the Sand-Cone 
Method
ASTM D 4318-93 Standard Test Method for Liquid Limit, 
Plastic Limit, and Plasticity Index o f Soils
ASTM D 854-92 Standard Test Method for Specific Grayity 
o f Soils
ASTM D 422-63 Standard Test Method for Particle-Size 
Analysis o f Soils
ASTM D 3080-90 Standard Test Method for Direct Shear 
Test of Soils Under Consolidated Drained 
Conditions
ASTM D 2216-92 Standard Test Method for Laboratory 
Determination o f Water (Moisture) Content 
o f Soil and Rock
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8 leg Normal Load 
16 leg Normal Load 
32 leg Normal Load
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Figure A2.1 Load-Displacement Characteristics for Direct Shear Test, Sub-Ambient 
Condition
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Figure A2.2 Load-Displacement Characteristics for Direct Shear Test, Intermediate 
Density Condition
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Figure A23 Load-Displacement Characteristics for Direct Shear Test 90 of ŷ max 
According to Modified Proctor Test Condition
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APPENDIX B
RESULTS OF NON-STANDARD COMPACTION TESTS FOR TEST SOIL 
40 Blows Per Layer (Modified Proctor Hammer)
Water content (%) Dry Unit Weight flcN/m )̂
325 19.1
4.81 18.6
6.69 19.1
8.13 19.5
10.0 19.8
12.5 19.4
35 Blows Per Layer (Modified Proctor Hammer)
Water content (%) Dry Unit Weight (kN/m^)
1.12 18.6
3.82 182
5.85 19.0
6.83 18.9
728 18.9
925 19.0
25 Blows Per Layer (Modified Proctor Hammer)
Water content (%) Dry Unit Weight (kN/mÔ
4.09 18.4
528 192
725 192
9.12 192
II.I 19.0
13.0 11.0
127
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25 Blows Per Layer (Modified Proctor Hammer)
Water content (%) Dry Unit Weight flcN/m^
4 2 7 18.8
6.04 18.8
7.93 19.0
9.49 193
11.5 19.1
12.4 18.9
15 Blows Per Layer (Modified Proctor Hammer)
Water content (%) Dry Unit Weight (kN/m^)
1.05 17.9
4.04 182
6.10 18.1
721 182
9.60 192
11.6 18.5
10 Blows Per Layer (Standard Proctor Hammer)
Water content (%) Dry Unit Weight (kN/m^)
2.19 17.5
3.40 16.8
4.90 16.8
6.44 16.7
8 2 2 172
9.10 17.7
13.0 172
172 192
6 Blows Per Layer (Standard Proctor Hammer)
Water content (%) Dry Unit Weight (kN/m^
720 16.7
10.9 172
13.0 17.4
14.0 17.6
18.1 14.0
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No Compaction
Water content (%) Dry Unit Weight (kN/m^
2.44 133
5.09 112
8.06 8.96
Il.O 923
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APPENDIX C
Table C l Amounts o f Soil and Water Used in Each Laver
Test
No
Layer 1 Layer 2 Layer 3 Layer 4 Layers
Soil
(kg)
Water
(g)
Soil
(kg)
Water
g)
Soil
(kg)
Water
(g)
Soil
(kg)
Water
(g)
Soil
(kg)
Water
(g)
I 320 76.8 3 20 76.8 320 76.8 320 76.8 320 76.8
2 320 76.8 3 20 76.8 330 84.0 330 84.0 3.50 84.0
3 4.50 108 4 3 0 108 4 30 108 430 108 4 3 0 103
4 4.40 141 4.40 141 4.40 141 4.40 141 4.40 141
5 4 35 139 4 3 5 139 4 35 139 435 139 4 3 5 139
6 4 3 5 191 4 3 5 191 435 191 435 191 4 2 5 187
7 4 35 244 4 3 5 244 4 3 5 244 435 244 4 3 5 244
8 4 23 186 423 186 423 186 423 186 423 186
9 423 186 423 186 423 186 423 186 4 23 186
10 423 186 423 186 423 186 423 186 4 23 186
11 423 288 4 23 288 423 288 423 288 4 23 288
12 423 237 4 23 237 423 237 423 237 4 23 237
13 423 237 423 237 423 237 423 237 42 3 237
14 4 23 237 423 288 423 288 423 288 42 3 288
15 42 3 237 4 23 237 423 237 423 237 4 2 3 237
16 423 102 4 23 102 423 102 423 102 4 23 102
Continued on Next Page
130
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
131
APPENDIX C
Table C l A m ounts o f Soil and Water Used in Each Laver
Test
No
Layer 1 Layer 2 Layer 3 Layer 4 Layers
Soil
(kg)
Water
(g)
Soil
(kg)
Water
g)
Son
(kg)
Water
(g)
Soil
(kg)
Water
(g)
Soil
(kg)
Water
(g)
I 320 76.8 320 76.8 320 76.8 320 76.8 320 76.8
2 320 76.8 320 76.8 330 84.0 3.50 84.0 330 84.0
3 4.50 108 4 3 0 108 4 3 0 108 4.50 108 430 103
4 4.40 141 4.40 141 4.40 141 4.40 141 4.40 141
5 4 35 139 4 3 5 139 4 3 5 139 4 3 5 139 435 139
6 4 35 191 4 35 191 4 3 5 191 4 3 5 191 425 187
7 4 35 244 4 3 5 244 4 3 5 244 4 3 5 244 435 244
8 423 186 423 186 423 186 423 186 423 186
9 423 186 4 23 186 423 186 423 186 423 186
to 423 186 423 186 423 186 423 186 423 186
11 423 288 423 288 423 288 423 288 423 288
12 423 237 423 237 423 237 423 237 423 237
13 423 237 423 237 423 237 423 237 423 237
14 423 237 423 288 423 288 423 288 423 288
15 423 237 423 237 4 23 237 423 237 423 237
16 423 102 423 102 423 102 4 23 102 423 102
Continued on Next Page
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APPENDIX D
Table D.l Drv Unit Weight Measurement, in Ascending Order o f Reported Values
Test
No.
Blows
Per
Layer
Dry Unit Weight (kN/m^)
Target Gross
Weight
Method
Sand 
Cone 
Test 1
Sand 
Cone 
Test 2
Reported Difference 
in Terms 
o f
Percentage
(%)
I 46 13.4 17.0 15.0 Not
Measured
15.4 15
2 46 13.4 16.7 173 Not
Measured
173 29
3 35 13.4 16.9 13.6 Not
Measured
152 13
4 33 15.6 153 172 Not
Measured
163 4 3
5 44 173 16.8 173 172 17.1 12
6 28 15.4 143 153 15.8 14.9 3 2
7 30 15.4 142 15.5 143 14.6 5 2
8 42 172 Not
Measured
153 15.8 153 9.9
9 50 172 163 15.6 162 16.1 6.4
10 65 172 172 172 16.1 16.9 1.7
11 45 153 152 152 16.0 15.7 2.6
12 50 15.4 16.4 16.4 15.8 16.0 3.9
13 70 172 17.0 17.0 17.5 17.0 12
14 80 172 163 163 16.9 16.6 3 3
15 42 15.4 15.7 15.7 143 153 0.7
16 40 15.6 162 16.7 173 16.6 6.4
17 40 15.6 16.6 16.7 17.7 16.9 83
U 0 102 Not
Measured
Not
Measured
Not
Measured
N/A N/A
O X 192 Not
Measured
Not
Measured
Not
Measured
N/A N/A
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